The Upright Battle: Morphological Trends of the Bipedal Pelvis by Webb, Nicole M.
City University of New York (CUNY) 
CUNY Academic Works 
All Dissertations, Theses, and Capstone 
Projects Dissertations, Theses, and Capstone Projects 
9-2018 
The Upright Battle: Morphological Trends of the Bipedal Pelvis 
Nicole M. Webb 
The Graduate Center, City University of New York 
How does access to this work benefit you? Let us know! 
More information about this work at: https://academicworks.cuny.edu/gc_etds/2862 
Discover additional works at: https://academicworks.cuny.edu 
This work is made publicly available by the City University of New York (CUNY). 
Contact: AcademicWorks@cuny.edu 
The Upright Battle: Morphological Trends of the Bipedal Pelvis
by
NicoleMichelleWebb
A dissertation submitted to the Graduate Faculty in Anthropology in partial fulfillment of the






This manuscript has been read and accepted by the Graduate Faculty in Anthropology in
satisfaction of the dissertation requirement for the degree of Doctor of Philosophy.
William E.H. Harcourt-Smith







The City University of New York
iii
Abstract
The Upright Battle: Morphological Trends of the Bipedal Pelvis
by
NicoleMichelleWebb
Adviser: Professor William E.H. Harcourt-Smith
The shift to bipedal locomotion is a distinguishing feature of the human lineage that required
substantial remodeling of the postcranium in hominins. The pelvis, due to its important functional
role as a stabilizing and weight-bearing structure, has undergone one of the most drastic transfor-
mations in the skeleton to accommodate obligate bipedalism, thus making it a valuable region for
studying locomotor behavior within the fossil record. Although bipedalism occurs in several mam-
malian groups, it is rare within primates and the ability to utilize a striding gait with an erect, or
orthograde, posture remains unique to hominins (Steudel, 1996). Orthograde posture in this context
is therefore an equally important consideration, as it reorients the trunk into a vertical stance that
undoubtedly contributes to the specialized pelvic anatomy found in hominin taxa. Given that all
extant hominoids partake in varying degrees of orthogrady, it is argued that this change in posture
preceded, and possibly even preadapted hominoids for, the eventual shift to terrestrial bipedalism
(Keith, 1923; Morton, 1926; Gregory, 1928, 1928; Fleagle et al., 1981; Yamazaki & Ishida, 1984;
Hunt, 1994; Preuschoft, 2003). Therefore, this dissertation seeks to isolate features relating explic-
itly to bipedality from those required for orthograde posture to aid in understanding the functional
roles of both in the evolution of hominin bipedalism.
This dissertation utilizes a comparative sample that consists of extant primates and non-primate
bipedal mammals that differ in body size, yet converge on aspects of their locomotor and postural
repertoires, providing a comprehensive assessment of pelvic skeletal anatomy that lends novel in-
iv
sights into the functional interpretations that can be derived from this region. Both the trabecular
microarchitecture and the overall dimensions of the pelvis are considered collectively in a phylo-
genetic context to isolate morphology that is informative for accurate reconstruction of locomotor
behavior. Building on these insights, the first finite element validation study is performed on a
non-human primate pelvis using previously collected strain gauge data to establish accurate pa-
rameters that will enhance future modeling capabilities thereby allowing the assessment of fossil
taxa. These aforementioned project goals are obtained via three separate, complementary studies
that evaluate the locomotor signal found in the external and internal morphology of the innomi-
nate. This is accomplished by evaluating how each accommodates loading stresses sustained by
this region, with the ultimate goal being to better understand the form-function relationship of one
of the most informative regions of the locomotor skeleton, the pelvis.
Chapter one provides a theoretical background for the concepts and hypotheses central to the
work encompassed within this dissertation. This includes a historical context for many of the ideas
that have shaped the prevailing views featured in the literature and the offered explanations for
how bipedalism evolved in primates. It also highlights relevant studies, specifically of the pelvis,
that have influenced these interpretations, while reviewing the existing hominin fossil evidence for
bipedalism beginning with the Miocene hominoid material that preceded it.
Chapter two offers a phylogenetically informed morphological analysis that models trait evo-
lution in pelvic measures argued to be related to locomotor behavior across major primate groups
(60 species; 433 individuals), including various fossil taxa (i.e., Australopithecus afarensis, Aus-
tralopithecus africanus, Ardipithecus ramidus and Ekembo (formerly Proconsul) nyanzae. The
study uses both linear measures and 3D coordinate data to quantitatively assess how strong the
locomotor signal in the pelvis is once size and phylogeny are accounted for. Using the Ornstein-
Uhlenbeck (OU) phylogenetic modeling approach, stochastic processes like drift can be accounted
for while simultaneously considering the strength of pull towards different optima that can eluci-
date biological processes like convergence or selection influencing pelvic traits. Prinicipal com-
v
ponent analysis (PCA) of 3D data shows a broad separation of the major taxanomic groups (i.e.,
catarrhines, platyrrhines and hominoids) across several of the PC axes while a canonical variance
analysis reveals detectable differences between arboreal, terrestrial and semi-terrestrial taxa across
the sample, indicating a clear functional signal that is not driven predominantly by phylogeny or
body size. Using 3D trait data, 59% of the variation observed across the first six PCs are explained
by the preassigned locomotion modes used in the study. And for the 2D data, the best model fit is
obtained with an OU approach using the assigned locomotor categories (R2=86), specifically when
the 2D pelvic trait measures are combined with acetabulum height as a predictor variable, thereby
suggesting an interesting relationship between these measures and body size over time.
Chapter three examines trabecular bone arrangements in the ilium, immediately above the ac-
etabulum, using digital 3D segmentation performed on high resolution microCT data (n=165).
The sample consists of various therian mammals that represent a diverse range of both body sizes
and posture/locomotor capabilities, including different forms of bipedalism. Differences in loading
behavior, as inferred by characteristics of the trabecular bone microarchitecture (i.e., BV/TV and
degree of anisotropy as calculated via the mean intercept length method (Harrigan & Mann, 1984;
Odgaard, 1997)) are compared across the sample to isolate functional convergence in the innom-
inate related to hip loading. Across the entire sample the predefined locomotor modes are dis-
tinguishable with statistical significance (ANOVA; p<0.05) using both DA and BV/TV measures,
though there is substantial overlap across many locomotor categories that limit their interpretive
value. Further, although the mean BV/TV values for quadrupedal and bipedal taxa are successfully
differentiated in both marsupials and primates, and this is independent of a detectable phylogenetic
influence (Phylogenetic ANOVA; p<0.001), there is too much variation in each sample to permit
reliable predictive capabilities. Across the sample, explained variance of regression models of DA
improves marginally, from 17%-26% when posture is included as an interaction term. ANOVAs
performed on these nested regression models validate their contribution to the overall explained
variance (p<0.001) of the regression model thus signifying that posture does influence trabecular
vi
arrangements across a broad comparative sample, though more complex phylogenetic influences
are likely driving much of the observed variation since many of the findings do not corroborate the
expectations assumed if DA is serving a predominantly functional role.
The third study, presented in Chapter 4, provides a biomechanical context for these observed
internal and external features through finite element modeling of the primate pelvis validated with
actual in vitro strain gauge data. This study allowed direct testing of hypotheses regarding the func-
tional role of certain morphologies in force allocation. A subject-specific FEA model of a macaque
(Macaca mulatta) pelvis was used to validate and test the individual effects of different modeling
parameters, and their influence on accurately simulating realistic loading scenarios sustained dur-
ing locomotion at the hip joint. This study serves as the first of its kind in the literature and a basis
for understanding critical aspects of modeling this particular element that should be considered in
future FEA initiatives. Trabecular bone parameters are important when trying to recreate particular
strain environments, as are the inclusion of appropriate boundary conditions. Much like the work
done on the human pelvis, the study shows that congruency between FEA models and strain gauge
data can only be obtained if appropriate material properties are assigned to both the trabecular and
cortical bone. It is also imperative that the degrees of freedom are not overly constrained at the
joints, especially the pubic symphysis. The results of this study indicate that although congruency
at all strain gauge sites is difficult to obtain, the relative strain environment can be recreated with
simplifications and thereby make the modeling of the pelvic girdle in fossil taxa possible using
parameters derived from the existing literature.
Chapter 5 is a synthesis that highlights the benefits of the dissertation’s multifaceted approach
and diverse taxonomic sample for eludicidating the adapative traits of the pelvis. Specifically, it
reviews how the individual studies isolate the independent contributions of body size, morphol-
ogy and phylogeny in shaping different aspects of pelvic morphology as it relates to locomotion,
especially bipedalism. Collectively, this work demonstrates that the pelvis retains a useful func-
tional signal that can be recovered in aspects of its overall external morphology and the internal
vii
trabecular microarchitecture while providing FEA model validation that will serve as a conceptual
basis for future experimental modeling. This work also illuminates important aspects of adaptive
capabilities in this region via considering the effects of phylogenetic lag and allometric trends on
pelvic morphology. Therefore, the combined approach used in this dissertation offers a rigorous,
refined methodological technique for evaluating and predicting fossil primate locomotor diversity
with promising application intended for use in the assessment of controversial hominin contenders
and the enigmatic Miocene ape taxa that preceded them.
Dissertation Objectives:
Explore the form-function relationships in the primate pelvis and correlate these adaptive skeletal
features to the forces that they sustain via:
1. Identifying trends in external innominate shape that correspond with locomotor behavior
across primate groups to understand scaling relationships, potential adaptations and phylo-
genetic influences acting on the pelvis.
2. Using a broad comparative sample to evaluate convergent, functional attributes of trabecular
microarchitecture in the ilium that correspond with locomotor regimes, postural preferences
and preferred environment (i.e., arboreal vs. terrestrial).
3. Validating the first extant non-human primate pelvic FEA model to correlate form-function
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Locomotion is highly influential in shaping primate postcranial skeletal morphology and, con-
sequently, is an important consideration when trying to reconstruct an organism’s evolutionary
history. The utilization of a comparative approach has proven a useful endeavor for understanding
form-function relationships throughout the skeleton by allowing inferences about the adaptive sig-
nificance of traits in extant taxa to be extrapolated to the fossil record (Harvey & Pagel, 1991). This
method, however, is not without its caveats, as inferring function from skeletal elements is difficult
in the absence of associated soft tissues. Confounding variables like body size and phylogeny are
also difficult to isolate and to control for. This is especially true of the pelvis, due to the numerous
selective pressures that have simultaneously shaped it throughout its transformative evolution. Late
within the hominin lineage, these pressures may have included those imposed by the mechanical
demands associated with the transition to bipedal locomotion (Lovejoy, 2005), those related to per-
mitting parturition in a species characterized by significant encephalization (Rosenberg, 1992) and
possibly body plan alterations related to thermoregulatory efficiency in particular climates (Ruff,
1994; Gruss & Schmitt, 2015). Additionally, unlike any other primate species, modern humans
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maintain an orthograde posture while they move bipedally thereby making them a rare outlier in
mammalian comparative frameworks. And although the parallel acquisition of orthograde posture
and bipedalism in humans are inherently linked, the functional consequences of each are poorly un-
derstood despite their proclaimed significance for understanding exactly how terrestrial bipedalism
evolved in primates. Fortunately, within mammals bipedalism has evolved independently in a host
of different species of macropods, rodents and primates that collectively embody a vast size range,
producing an ideal sample for examining scaling relationships across different locomotor regimes
(Alexander & Jayes, 1983; Graf et al., 1994; Russo & Kirk, 2013, 2017; Villamil, 2017). Addi-
tionally, these groups partake in equally diverse locomotor behaviors, including different forms of
bipedalism with or without the integration of orthogrady and therefore serve as ideal proxies for
evaluating the specific functional constraints imposed by posture operating on the mammalian lo-
comotor skeleton. Further, with the recent evidence of convergence in spinal morphology between
primates and the giant panda (Aliuropoda melanoleuca), attributed to the use of orthogrady, the
value of consulting broader comparative samples is established as a credible means for assessing
posture based on skeletal morphology (Russo & Williams, 2015).
To investigate how pelvic morphology relates to locomotor behaviors and how it scales with
shifts in body size, this dissertation examines a broad sample of mammalian pelves from taxa
both within and outside of the Order Primates (e.g., Rodentia, Scandentia and Macropodidae) that
incorporate a significant degree of orthogrady into their locomotor repertoires. Selected prono-
grade taxa from each clade will also be included to serve as comparative functional referents.
This sample permits exploration of the effects of allometry on the pelvis while controlling for
the influence of shared ancestry and considering the role of convergent evolution as it pertains to
posture/locomotion across the sample.
The primate sample includes several orthograde species (i.e., Galagidae, Tarsiidae and homi-
noids), in addition to, a variety of lemuriforms. Lemuriformes are ideal for measuring scaling
relationships within a phyletic group as there is both considerable size variation and locomotor di-
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versity, with specialized vertical clinging and leaping behaviors that require propulsive forces from
their hind limbs, and species that utilize both arboreal and terrestrial quadrupedalism (Ravosa &
Daniel, 2009; Lewton, 2014). Within hominoids, all of the available ape taxa are used since they
engage in both orthogrady and/or some degree of bipedal locomotion. Further, their close phy-
logenetic relationship to hominins makes them ideal for testing scenarios about primitive versus
derived features in the ape pelvis. Additional validation of such comparisons is also warranted
given their common use in studies of locomotion.
Being able to understand the extent of orthogrady used by fossil ape species has huge impli-
cations for understanding how bipedalism evolved. The role of orthogrady is argued to reflect
either below-branch suspensory behaviors, or as some researchers argue, to accommodate varying
degrees of bipedal locomotion (Lovejoy, Suwa, Simpson, et al., 2009). The latter is the argument
underling the interpretation of the Ardipithecus ramidus fossils, which challenges the long held
view that the last common ancestor of great apes engaged in extensive bouts of orthograde suspen-
sory behaviors. Instead these interpretations implicate a generalized above-branch quadrupedal
ancestor with a locomotor behavior comparable to that claimed for the Miocene hominoid Ekembo
(Lovejoy, Suwa, Simpson, et al., 2009). If this quadrupedal interpretation is accurate, it implies
that the suspensory behaviors exhibited by the extant apes are homoplastic and the morphologies
traditionally considered exclusively hominoid no longer constitute valid synapomorphies (Lovejoy,
Suwa, Simpson, et al., 2009). More recently, a preliminary description of a partial innominate at-
tributed to Sivapithecus indicus supports this suggestion of homoplasy within the great apes, as
this specimen lacks features indicative of suspensory behaviors anticipated for a species argued to
be ancestral to the highly arboreal Pongo (Morgan et al., 2015). Therefore, there is a deficit in the
understanding of key concepts relating to the pelvis, specifically the extent of locomotor diversity
present in the earliest ape species, an appreciation for the level of phylogenetic constraint acting
on this region, and the ability to distinguish between features relevant for posture versus those
required for locomotion. This dissertation addresses these limitations through evaluating the func-
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tional role of the pelvis across a board mammalian sample thereby recognizing the independent
contributions of phylogeny, body size and the unique mechanical demands required of the pelvis.
Through the use of 3D geometric morphometrics, microCT methods and finite element mod-
eling, this work recognizes the possible variations in the pelvis resulting from a shift to more
orthograde locomotion in mammalian groups with separate evolutionary histories that converge on
other aspects of their locomotor behavior. Implications include application to the fossil record,
specifically, the phylogenetically unresolved Miocene hominoids and to early hominins that used
varying degrees of bipedalism. By disentangling the relationship between orthograde postures and
the evolution of bipedalism, this work adds to the available methods for reconstructing locomotor
behavior of our ancestors while contributing to the growing literature focused on how and why our
ancestors transitioned to bipedal locomotion.
1.2 Allometry and Scaling
Although the term allometry was not officially coined until 1936 (Huxley, 1932), its fundamental
principles were established early in the field of biology and described through the preminent works
of D’Arcy Thompson (1919) and Julian Huxley (1924, 1932). Yet, the exact role that size plays
in shaping an organism’s phenotype is still challenging to decipher given the complexity of iso-
lating its effects (Jungers et al., 1995). Yet, the recognition that body size is an important feature
that influences every facet of an organism’s biology, keeps the concept central to any study con-
cerned with functional morphology, especially the study of locomotion (Schmidt-Nielsen, 1984).
Allometry was originally a term reserved to describe proportional differences in specific traits that
correspond with changes in the absolute size of an organism, but has since been adapted as a term
used more broadly to denote many types of biological scaling relationships (Gould, 1966). These
scaling relationships are critical to evolutionary studies because features of the skeleton can eluci-
date how morphology is shaped by adaptation, biomechanical efficiency and/or phylogeny (Gould,
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1966). To date, allometric scaling has been used to reveal several key aspects of primate evolution
including, but not limited to, brain evolution (e.g., Shea, 1983), diet/dentition (e.g., Smith, 1981;
Ungar, 1998), and behavior (e.g., Nunn & Barton, 2000). Further, when scaling relationships are
identified, predicative models can be extrapolated to the fossil record, a practice done extensively
in the literature to infer important measures like body mass estimations and brain size for primate
fossils (Kappelman, 1996; Squyres & Ruff, 2015; Burgess et al., 2018). Consequently, under-
standing scaling trends is useful for developing predictive tools that warrant application within the
fossil record, since certain variables like body size, are constrained in consistent ways that per-
mit accurate reconstruction of other important life history variables. In fact, some of the initial
observations made regarding skeletal allometry explicitly draw from observations that an organ-
ism’s overall skeletal robusticity, or their skeletal system’s ability to withstand certain loads as they
move, scales predictably with body mass (Thompson, 1919). Therefore, notable increases in body
size introduce informative evolutionary trends that, having occurred independently in numerous
mammalian lineages including various primate clades, provide opportunities to study the effects of
size on different vertebrate body plans.
Scaling relationships can also help one understand the structural consequences of body size
differences across similar body plans though evaluating evidence of deviations from a constant,
predictable relationship between certain measures (e.g. area and volume). A deviation could then
be interpreted as evidence of adaptation (Fleagle, 1985; Gould, 1966). This null assumption,
that requires a certain consistency in shape as size changes, is a critical contribution of the early
theoretical work of Huxley (1924) who introduced the allometric power function Y = bxα to quan-
titatively assess whether two biological traits of interest, represented by Y and x, conform to the
expectations of geometric similarity, or isometry. In which case, isometry would manifest as a
regression slope of an area-to-volume ratio of 2/3, or a length-to-volume ratio of 1/3 (see review in
LaBarbera, 1989). The method can be conveniently extended to logarithmic scales, represented as




The study of locomotor behavior reveals clear allometric trends within the vertebrate skeleton,
as accommodating different loading regimes is inevitably impacted by the ability to effectively
distribute mass throughout the skeleton, especially while moving. As such, mammals yield an
impressive range of locomotor behaviors that are shaped by a combination of their different en-
vironments and the shared selective pressure of having to counter the effects of mass distribution
imposed by gravity while moving or assuming particular postures (Biewener, 1989a, 1990; Alexan-
der, 1985). Different strategies for coping with this shared constraint has resulted in the observable
diversity and it manifests in a variety of ways, including changes in postural behavior, shifts in
body size and a reallocation of properties of the skeleton (i.e., cortical thickness, trabeculae ori-
entation). The forces acting on the mammalian skeleton inevitably shape the material properties,
leading to differences in attributes such as surface area availability or overall robusticity. Since
bone itself is a dynamic tissue that must maximize efficiency while simultaneously avoiding me-
chanical failure during loading, especially during the higher loads incurred throughout locomotion
(Biewener, 2005). As such, understanding the scaling relationships among material properties and
body size is necessary for understanding the functional limitations facing terrestrial vertebrates and
the compensatory abilities available to them.
Hind limb morphology also provides an informative basis for understanding how force shapes
specific aspects of the postcranial skeleton. Building from the established allometric relationship
between limb cross-sectional area and body mass, other compensatory mechanisms have been
identified including the finding that larger animals are able to utilize different locomotor modes
without comprising the bones ability to support the animal’s weight. Large-bodied animals can
avoid unsafe loads by assuming more upright limb posture that permits a better alignment with
ground reaction forces at the foot, thereby minimizing exertion while maximizing the effective
mechanical advantage of important hind limb musculature (Biewener, 1989b). For instance, al-
terations in limb postures while running increase the effective mechanical advantage (EMA) in
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large terrestrial mammals and prevents the animal from exceeding the weight that can be sup-
ported by their bone’s cross-sectional area alone. Unfortunately, these postural accommodations
become less effective once an animal reaches a particular body size (Biewener, 1989a), a trend
that is echoed in studies of bipedal locomotion based on avian and human samples (Gatesy &
Biewener, 1991). Further, adjustments in limb posture evokes a trade-off between maneuverability
and stability, though changes to stride frequency and gait across different speeds can circumvent
such limitations (Heglund et al., 1974), in addition to, elastic energy storage provided by different
muscle configurations (Biewener, 1998). Examples of the latter can be seen in humans during
running (Alexander, 1991) and, to a greater extent, during hopping in kangaroos, thus illustrating
the problematic nature of relying solely on external bony morphology without considering the var-
ious ways that an animal can counter, or compensate, for considerable size increases (Bennett &
Taylor, 1995; Kram & Dawson, 1998; Bullimore & Burn, 2005). Therefore, a combined approach
that considers characteristics of internal skeletal morphology can clarify, at least to some extent,
the biomechanical relevance of particular traits at more nuanced levels in the absence of soft tissue.
Primates provide an ideal situation to observe scaling relationships between locomotion and
body size, as this group displays diversity in both, with hominoids alone yielding impressive body
size ranges (Jungers, 1984). Traditionally, studies of allometry and locomotion within primates
have been confined mainly to the upper and lower limbs, and have used methodological approaches
to infer bone competency based largely on external dimensions, articular surfaces or the cross-
sectional area of diaphyseal cortical bone (e.g., Schultz, 1953; Demes et al., 1991; Demes &
Jungers, 1993; Ruff, 1987; Yamanaka et al., 2005; Patel et al., 2013). Similar techniques have even
been extended to application within the fossil record, and more recently, have relied on the use of
trabecular bone characteristics to assess loading regimes and infer locomotor behavior (Fajardo &
Müller, 2001; Ryan & Ketcham, 2002; MacLatchy & Müller, 2002; Desilva & Devlin, 2012; Su &
Carlson, 2017). However, the relationship between gross morphological markers of robusticity and
the internal contributions to bony architecture remain relatively unexplored, especially in regions
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like the pelvis that participate in repetitive and complex loading. Because the pelvis is the primary
interface between the vertebral column and the lower extremities, it is an essential load-bearing
structure during locomotion and even at rest. Primate pelvic features have been found to scale
mostly isometrically with the exception being the noted allometric scaling relationships within
the ilium, namely in measures like width and cross sectional area (Lewton, 2015b). These findings
suggest the presence ofskeletal features that are associated with particular locomotor modes, which
is why this particular region of the innominiate is the focus of the trabecular work carried out in
this dissertation.
1.3 Comparative ExtantModels
Bipedalism itself has evolved independently at least seven times within separate mammalian and
reptilian lineages (Synder, 1962). These different variations result in four distinguishable types
best exemplified by the organisms that utilize(d) them. There is a reptilian form employed by
thecodonts, some dinosaurs (e.g., theropods), and reptiles, that consists of a configuration that
positions the trunk in a horizontal plane relative to the hind limbs while the tail performs as a
cantilever that maintains balance and affords vertical support for the organism. The avian form is
similar in that is requires a horizontal orientation of the body, but differs in how the center of gravity
is reoriented as it involves vertical oscillation rather than horizontal as a direct biomechanical
consequence of tail reduction (Synder, 1962). In contrast, primates and saltatorial (i.e, ricochetal
or hopping) taxa have a body plan that situates the trunk in a degree of vertical alignment over the
legs while the hind limbs are subsequently used to engage in different gaits, for instance the full
striding gait used by humans or, as seen with saltatory taxa, repetitive hopping that requires both
legs to move simultaneously (Synder, 1962). However, striding gait in humans, which involves the
independent movement of each limb to propel the body forward, requires a unique suite of features
associated with establishing vertical trunk position, horizontal rotation of the pelvis, mediolateral
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pelvic tilt, knee flexion, and ankle/foot plantar flexion all of which make it biomechanically distinct
from other aforementioned forms of bipedalism (Inman, 1966).
The convergence in bipedalism observed within mammals has generated considerable interests
for studies of locomotion with researchers using broad comparative samples to answer questions
relating to differences in musculature between bipedal versus quadrupedal taxa (Haxton, 1947),
morphology associated with the different forms of mammalian bipedal locomotion (Slijper, 1946;
Russo & Kirk, 2013; Russo & Williams, 2015; Russo & Kirk, 2017; Villamil, 2017) and the ener-
getics involved with both quadrupedal and bipedal locomotion (Alexander, 1980; Taylor & Rown-
tree, 1973; Fedak & Seeherman, 1979; Steudel, 1996). Collectively, the use of these comparative
approaches has shed light on important aspects of bipedalism, namely regarding how animals of
varying sizes, speeds (Howell, 1944; Farley et al., 1993), postures (Preuschoft, 2003, 2004) and
how morphology itself can accommodate habitual use of this relatively rare form of locomotion.
This important comparative work thus provides opportunities to extend these observations of extant
taxa to extinct samples, some of which have no extant comparative analogs.
Reconstructing locomotion in the record requires extensive evaluation of extant taxa loco-
motor diversity and this has traditionally included comparisons between broad categories like
quadrupedal versus bipedal forms both within Primates (e.g., Sigmon, 1971; Rose, 1991; Kimura,
1985; Larson, 1998) and across larger mammalian samples (e.g., Djawdan & Garland, 1988; Graf
et al., 1995; Roberts et al., 1998; Alexander, 2004). These referential models are essential for
establishing the functional basis for certain skeletal attributes and has led to the formulation of
hypotheses about the types of locomotor behaviors that likely preceded bipedalism in the ho-
minin lineage. The literature surrounding primate locomotion is vast and illustrates the various
challenges associated with such work, including an appreciation of the extent of locomotor diver-
sity and the difficulty associated with adequately classifying/defining it (Prost, 1965; Hunt et al.,
1996). A behavior-based method of classification that is commonly used, and perhaps the most
influential, in studies of locomotion recognizes a total of four modes that are assigned based on
9
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the extent of use developed by Napier and Napier (1967). This classification system includes the
following: quadrupedalism, vertical clinging and leaping, brachiation and bipedalism, with the
latter two modes being divided further based on substrate preferences or taxonomic differences
(Napier & Napier, 1967; Napier & Walker, 1967). The majority of extant primate taxa engage
in some form of the first mode quadrupedalism, with the other categories being exemplified by
specialized taxa like lemuriformes, hylobatids and humans, respectively. Though this system has
been criticized for its simplicity, as a number of commonly employed behaviors are not recog-
nized under it (i.e, knuckle-walking, different variants of leaping behaviors and suspensory-based
modes), it still serves as a useful framework from which other classification systems have emerged.
Additionally, advancements in experimental methods highlight further complications through reit-
erating just how plastic the primate locomotor skeleton is, how different the biomechanics are even
within comparable modes and how the environment (e.g., substrate availability) itself influences
locomotor preferences (Schmidt, 2010). Given that the focus of the dissertation is primarily on
the evolution or bipedalism, detailed discussions of locomotion will be focused on the locomotor
behavior of extant apes, though a more general review of primate locomotion derived from the
current literature is provided by Bezanson (2017).
Extant hominoids are differentiated from other primates based on their participation in unique
locomotor behaviors, namely those relating to orthograde, suspensory positional behaviors that
involve bridging, clambering and vertical climbing (Rose, 1983). Therefore, extant apes have
long been used as analogous referents to reconstruct the locomotor capabilities of the last com-
mon ancestor between chimps and humans, with different researchers favoring specific repertoires
displayed by the various extant ape taxa. The popular knuckle-walking troglodytian hypothesis
(e.g., Washburn, 1967) and the opposing hylobatian model (e.g., Tuttle, 1969) are among the more
prominently featured in the early literature. Though everything from an orangutan-like prototype
(e.g., Stern, 1975) to those positing that bonobos make more suitable models have been occasion-
ally featured in these debates (e.g., Zihlman, 1978; Videan & McGrew, 2002). And there are many
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different combinations and variations of these models represented in the literature (see review in
Richmond et al., 2002). In general, the prevailing hypotheses can be condensed into two major
paradigms, one that proposes a terrestrial origin for bipedalism (e.g., Gebo, 1996), and one that
implicates features of a more arboreal repertoire (e.g., Fleagle et al., 1981). The latter view has
since produced additional variants with some arguing for a large-bodied climber that evolved from
a small hylobatid-like ancestor, and extension of the original work by Keith (1923), some propos-
ing a direct transition from a small-bodied brachiator based on the early work of Morton (1926) and
some suggesting an arboreal but more generalized, monkey-like predecessor like that described in
the work of Schultz (1936) and Le Gros Clark (1940).
In the current literature there is a general consensus favoring an arboreal origin for bipedalism,
generating mounting support based on the shared traits between hominins and adaptations in apes
for both climbing and bipedalism, an argument initially strengthened with the integration of more
studies based on experimental biomechanics (see review in Schmitt, 2013). This produced a shift in
focus from the original debate about the extent of terrestriality versus arboreality, to one focused on
specific types of arboreal behaviors and their influence on facilitating bipedalism. Improvements
in methods and the discovery of additional fossil findings have resulted in accumulating support
for this view, yet arguments for both a critical terrestrial, knuckle-walking phase (e.g., Richmond
et al., 2002), and the importance of suspensory behaviors, like vertical climbing, continue to be
independently championed in the literature (e.g., Thorpe et al., 2007).
An important shared sentiment among these models, and their respective proponents, is the
acknowledgment that despite emphasizing particular aspects of locomotion (i.e., knuckle-walking,
suspensory behaviors/climbing) the repertoires of these ape ancestors were likely diverse and in-
tegrated some combination of a variety of locomotor modes and postural behaviors, perhaps even
in novel ways possibly rendering extant apes as poor analogs altogether (Rose, 1991). There-





Biomechanical models are important tools for reducing complex biological systems to those which
can be represented by simplified constructs (e.g., force vectors, lever systems, fulcra) that behave
predictably under the laws of physics. As such, this permits assessment of how particular forces
can affect a structure of interest, proving a useful technique for testing biomechanical hypotheses
regarding how postcranial elements like the pelvis react to forces incurred during different types
of locomotion (Lewton, 2010). To date, two major models of global stress resistance for the
pelvis have been put forth to represent quadrupedal vs. bipedal animals and are described in the
works of Badoux (1974) Kummer (1975), and Pauwels (1980). When examining the pronograde,
quadrupedal pelvis, these models constrain the stresses to the sagittal plane, representing the ilium
and ischium as two bony lever systems that, in the absense of muscles, generate rotational force at
the hip joint (Kummer, 1975; Baudoux, 1974). Therefore, the abdominal muscles, along with the
ischiosacral ligaments and ischiocaudal muscles, counter these rotational forces to resist bending
in the ilium within the sagittal plane (Lewton, 2010) (see diagram Figure 1.1). This is an extension
of earlier mammalian models that adapt a "bow-and-string" schematic, with the string being the
abdominal intrinsic and extrinsic abdominal muscles and the spine functioning as the elastic bow
(Slijper, 1946).
The human pelvis, as that of a biped, faces many unique biomechanical challenges when com-
pared to the quadrupedal anatomy, the most important being the ability to counteract rotational
forces at the hip joint while using single leg stance (Warrener et al., 2015). This is done via hip
abductor musculature that produces an opposing force strong enough to direct the center of mass
into a position suitable for maintaining mediolateral balance during a single-limbed striding gait
(Warrener et al., 2015). Pauwels constructed a biomechanical model that viewed the pelvis as a se-
ries of rings formed by the articulating innominate bones (i.e., the sacrum, ilium and pubis secured
by the pubic symphysis and sacroiliac joints). Consequently, biomechanical models commonly
12
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use beams to represent the pelvis via a bent beam model when there is double-limb support and a
cantilevered beam model when limbs are loaded individually, with the former being modeled in the
transverse plane for quadrupeds and the latter in the coronal plane for bipeds (Pauwels 1980)(see
Figure 1.2). Further, these models predict tension at the pubic symphysis caused by a dorsomedial
rotation of the ilium and compressive/tensile stresses at the pubic rami associated with cantilevered
bending, respectively (Baudoux, 1974; Pauwels, 1980).
In the absence of models explicitly developed for non-human primates, variations of these
aforementioned models have served as the conceptual grounds for testing specific loading scenarios
across primate locomotor studies (e.g., Lewton, 2010; Shapiro, 2016). Due to the complexity of
the strains observed in an in vivo study of various primate taxa, Lewton has since proposed a new,
regional model that ceonceptualized the individual innominate bones as separate beam models
(2015).
Since trabecular bone is believed to radiate from the acetabulum in a pattern that reflects the
orientation of its principal stresses (Pauwels, 1965; Kummer, 1959) the ability to examine dif-
ferential loading behavior using a combination of trabecular microarchitecture and finite element
analyses is conceptually plausible with the potential to elucidate precise stress trajectories that will
aid in accurate locomotor reconstructions in the fossil record. Specifically, the superior acetabu-
lum would be ideal for understanding the compressive forces sustained at this joint (Holm, 1980)
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Bow-and-String Model (Badoux, 1974) 
d c 
Figure 1.1: Schematic of "bow-and-string" model adapted from Badoux (1974) and redrawn from
Lewton (2010). The illustration shows the stresses acting on a quadrupedal (pronograde) monkey
pelvis in the sagittal plane pictured here in the lateral view. Distance from the force generated from
the ischiosacral ligaments to the SI joint= c; distance from SI joint to the force of body weight= d.
Image based on photograph by author.
Figure 1.2: Adaptation of Badoux (1974) and Pauwels’ (1980) model of the stresses acting on
the quadrupedal pelvis in the transverse plane (bipeds are modeled similiarly but in the coronal
plane). Redrawn from free body diagram featured in Lewton (2010) with similiar nomenclature.
Hip joint= h; SI joint=s; pubic symphysis= p; vertical force at the hip joint=N; force of body
weight= BW; force at pubic symphysis= P. The force at each SI joint is one-half body weight. The
distance from the sagittal plane to the hip joint force= a; the distance from the sagittal plane to
the sacroiliac joint force= b; the distance from the SI joint to the hip joint force=c; the distance
from the hip joint to the pubic symphysis joint= d. Equilibrium occurs when sacroiliac moments
N ∗c = BW ∗b and when hip joint moments N ∗a = P∗d. Tension (+) and compression (–). Image




An important consideration to take into account when attempting to understand pelvic morphology
is the difference in shape variation produced by factors like parturition and/or general secondary
sexual differentiation in males versus females (Schultz, 1949; Leutenegger, 1974; Wood & Cham-
berlain, 1986; Tague, 1991). Theoretically, sexual dimorphism should be discernible, as it will
cause differences between male and female equivalents that are unrelated to body size. Yet, re-
searchers such as Steudel (1981) have long contested that locomotor behavior and features resulting
in larger sagittal diameter dimensions may be closely related to functional adaptations to increase
locomotor efficiency. For instance, the condensing of the anteroposterior distance between the
sacrum and acetabulum to permit efficient gait during bipedalism also provides a widening of the
transverse diameter of the birth canal, thereby conflating traits adapted for orthograde progression
with those required explicitly for parturition (Jordaan, 1976).
The majority of observable interspecific differences between the sexes scale allometrically with
body size as males are larger in dimorphic primate species and therefore require increases in overall
robusticity (Jordaan, 1976). However, within Primates, some species experience marked levels of
sexual dimorphism argued to be independent of body size (Wood & Chamberlain, 1986). For
instance, the squirrel monkey, Saimiri sciureus, is said to exhibit changes in relative pubis length/
ischium length ratios and overall superior pubic ramus width that are acquired after puberty to
accommodate neonatal head diameter during birth (Gingerich, 1972). Further, Steudel (1981)
suggests that in most primate groups, to the exclusion of Hylobates and Alouatta, the variables
relating to birth canal size tend to be larger than, although highly correlated with, those predicted by
body size (Steudel, 1981b). Within hominins, sexual dimorphism of the pelvis has been the basis
of numerous debates surrounding what has become known as the obstetric dilemma (see review
in Wittman & Wall, 2007). The obstetric dilemma argues that there are simultaneous selective
pressures operating on the pelvic features necessary for both efficient bipedal locomotion and for
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the passage of the large-brained offspring typical of our genus (Washburn, 1960). This would
explain some of the discrepancies in the Australopithecus pelvic configuration versus later Homo,
since the former is adapted to bipedal locomotion without having to accommodate large-brained
offspring (Abitbol, 1987; Lovejoy, 2005). There is a high degree of interspecific variability in terms
of pelvic dimorphism among primates, especially if we are to consider soft tissue accommodations,
such as a hormone-induced softening of the pubic symphyseal joint that allows the pelvic outlet
to widen during delivery, and rotational mechanisms argued to reorient the fetus insuring passage
through a constricted pelvic outlet (Rosenberg, 1992; Rosenberg & Trevathan, 2005; Weaver &
Hublin, 2009; Ruff, 2017).
Energetically speaking, locomotor costs in modern humans do not appear to differ significantly
when features such as hip width or hip abductor mechanics are considered in males compared
to females, demonstrating that the wider pelves of females do not result in reduced efficiency
during locomotion (Warrener et al., 2015; Warrener, 2017). In addition, the truncation of the hu-
man gestation period once argued to be the posed solution to the obstetric dilemma, was recently
challenged by findings that implicated maternal metabolic constraints as the factor determining
gestation period rather than pelvic dimensions (Dunsworth et al., 2012). Work conducted by Fis-
cher & Mitteroeker (2015) also suggests that there are underlying covariance patterns between
the mother’s head circumference, stature and maternal pelvic outlet dimensions that may be un-
der selection to mitigate the risk of an obstructed labor. Specifically, women with larger head
circumference also have larger birth canals, indicating that unsuspected scaling relationships with
other features (i.e., stature and head circumference) could be driving aspects of pelvic morphology
(Fischer & Mitteroecker, 2015). Even in the earlier literature some researchers have contested that
the modifications in the female human pelvis to accommodate infants is negligible compared to
those required for upright posture and bipedal locomotion (Abitbol, 1987).
Studying the pelvic dimensions in metatherian mammals, which do not have to accommodate
fully developed offspring passing through their pelvic canal, can distinguish features of the pelvis
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directly related to parturition from those serving a functional role. Previous, studies of marsupials,
specifically Didelphis virginiana, found that lower iliac length, the available posterior space at
the midplane and pubic length are all larger in females despite their smaller body size, which
suggests that these features are not truly related to parturition given they do not actually birth
large young (Tague, 2003). As such, including members of the metatherian clades, because of
their varying sizes and convergent locomotor behaviors, may prove informative for understanding
the biomechanical constraints that influence pelvic dimensions in the absence of those imposed
by obstetrics. Further, a diverse sample can shed light on some of the alternative hypotheses put
forth to explain pelvic dimorphism in hominins, for instance, those related to thermoregulation or
metabolic constraints (Nuger, 2011; Dunsworth et al., 2012; Warrener, 2017).
1.6 Genetic Regulation
Advances in genetic sequencing capabilities have shed light on numerous phylogenetic relation-
ships, including those of the extant apes; however, the ability to reconcile the genetic data with
the morphology encountered in the fossil record is complicated by the intricacies involved with
gene regulation and expression. In recent times, using data inferred from modern humans, an ap-
preciation for the complicated epigenetic influences shaping some of pelvic traits reiterate one of
many difficulties involved in disentangling form-function relationships across the skeleton. A no-
table example includes the presence of femoral obliquity in the human skeleton that is now known
to develop in response to forces generated during bipedal movement throughout an individual’s
lifetime (Tardieu, 2010). Further, critical spinal angles required to sustain sagittal balance during
bipedal gait, measured via variability in the angle of incidence inferred from radiographs, have
been shown to have a complex ontogenetic trend related to the acquisition to bipedalism (Tardieu
et al., 2013).
The pelvis is under several selective pressures including those relating to locomotion and those
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imposed by obstetrical demands. Therefore, in order to successfully isolate the functionally rele-
vant morphology, there must also be an appreciation of the underlying selective potential, namely
the limits imposed by the degree of morphological integration among the individual bones that
make up the pelvis: the ilium, ischium and pubis (Lewton, 2011). In attempts to explain the drastic
remodeling of the pelvis that accompanies the transition to terrestrial bipedalism, different sce-
narios of how selection could have facilitated this change have been posed, with some implying
several features of the pelvis were under selection simultaneously, specifically those required for
a reorientation of the center of gravity and then those that improve mechanical efficiency during
bipedal locomotion (Robinson, 1972a), and others arguing for selection acting on a specific aspect
of a system that, in turn, results in a series of subsequent modifications (Lovejoy et al., 1999).
The genetic pathways regulating pelvic morphology differ between the ilium and the ischiopu-
bic regions, suggesting the presence of different developmental modules, especially since the latter
elements interact with the femur throughout the course of their development (Malashichev et al.,
2005). When testing this assumption within primate samples, the pelvis evidenced a low level
of morphological integration among these modules, favoring the hypothesis that as a taxonomic
group, primates have more adaptive flexibility, or evolvability, in terms of positional/ locomotor
capabilities (Lewton, 2011; Grabowski et al., 2011). This argued adaptive flexibility may have
facilitated several shifts in locomotor behavior among primates, including the critical shift to ter-
restrial bipedalism. This view is reverberated in studies of the genetic underpinnings of patterns of
limb proportions that are suggestive of different levels of integration driving postcranial variation
in apes across different locomotor regimes, especially the modularity differences noted in the hind
limb elements of humans (Young et al., 2010).
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1.7 The Hominoid Pelvis
The notable variation seen in extant primate pelvic morphology corresponds with the expansive
range of postural and locomotor capabilities found within hominoids. Relative to other modes of
locomotion, upright walking requires extensive remodeling and this is an impressive feat as this
structure in constrained by its manifold functions (i.e., parturition, muscle attachments, support
of the viscera, assisting force distribution to the lower extremities). This drastic restructuring is
necessary for bipeds as it provides a mediolateral balance of the trunk over individual limbs during
striding gait, resulting in a new lateral configuration of the hip abductors (i.e., gluteus medius and
gluteus minimus) responsible for shaping the distinctive broad, robust pelvis that is characteristic
of all hominins. In contrast, non-human apes possess an iliac orientation that guides the gluteal
muscles posteriorly over the hip so as to assist in thigh extension rather than serving as abductors
(Aiello & Dean, 1990). This is an essential modification for humans as it increases efficiency by
raising the unsupported side of the pelvis during single leg stance (Lovejoy, 2005).
Due to their close phylogenetic relationship to humans, and their engagement in occasional
bouts of bipedalism, chimpanzees have become important comparative referents for understanding
functional aspects of morphology and their biomechanical roles in facilitating bipedal locomotion
(Pontzer, 2014; O’Neill et al., 2015). Specifically, they provide a model for a large-bodied homi-
noid that retains significant arboreal capabilities (Pontzer, 2014). Like the aforementioned non-
human apes, the chimpanzee has a pelvic configuration that includes elongated ilia that provide
a longer insertion site for the latissimus dorsi, serving as a useful configuration for climbing effi-
ciency as it retracts the humerus during vertical climbing (Aiello & Dean, 1990; Hunt et al., 1991).
The chimpanzee pelvis also has several features related to its preference for quadrupedal postures,
including a smaller auricular surface and a significantly reduced iliac tuberosity. Chimpanzees also
lack the anterior-inferior iliac spine (AIIS), a feature that is pronounced in humans as it anchors
the rectus femoris muscle to the femur, which is critical for maintaining trunk balance and permit-
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ting knee extension throughout bipedal locomotion. The ischium itself is longer in chimpanzees
causing the attachment site for the hamstring muscles (i.e., biceps femoris, semimembranosus and
semitendinosus), along the ischial tuberosity, to become everted. This is a feature interpreted as
affording a functional advantage of more hip power during hip flexion, however, this efficiency is
not preserved in hip extension. (Robinson, 1972b; Aiello & Dean, 1990).
In humans, the proximity of the hamstring insertion on the ischial tuberosity is substantially
lengthened due to their longer thighs, improving the leverage of the hamstrings (Aiello & Dean,
1990; Lovejoy, 2005). Studies of the energetic costs associated with chimpanzee locomotion
indicate bipedalism requires around 75% more energy in chimps, thereby implicating a possible
energetic motive shaping the evolution of the human gait (Sockol et al., 2007). Further, kinematic
studies comparing chimps and humans reveal that humans have more pelvic stability when walking
(O’Neill et al., 2015). Such work highlights the significance of specific adaptations to the pelvis,
limbs and lower spine for human bipedalism while introducing the complexity and limitations of
using chimp models (Pontzer, 2014; O’Neill et al., 2015).
1.8 Skeletal Adaptation and Locomotion
The skeleton is designed to withstand the repetitive forces placed on it, which naturally encom-
pass those imposed by locomotion. Further, the skeleton’s kinematic role of providing structural
levers for musculature, make it a dynamic tissue that can alter its shape, density and internal at-
tributes in response to specific loading behavior, features that make it ideal for studying adaptation
(Turner & Pavalko, 1998). Specifically, bone’s functional response to loading is to maximize its
resistance to strain, a concept popularized by Julius Wolff and consequently referred to as "Wolff’s
Law" (Wolff, 1892; Thompson, 1919; Frost, 1987; Carter et al., 1987; Carter, 1987; Cowin, 2001).
This self-optimization process manifests as changes to the bone that can induce large-scale struc-
tural alterations like those observed in studies of bone curvature (e.g., Biewener, 1983; Swartz et
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al., 1998; Yamanaka et al., 2005; De Groote, 2011) articular surface morphology (e.g., Hamrick,
1996; Ruff, 1998; Lieberman et al., 2001; Curry, 2002) and muscle insertion position/rugosity(e.g.,
Churchill & Morris, 1998; Weiss, 2014), in addition to, those that affect the internal microarchi-
tecture of the cortical and cancellous bone. Unfortunately, the former is genetically fixed and is
therefore less plastic because of the slower turnover rate of cortical bone relative to trabecular bone
(Eriksen, 1986, 2010) and thereby problematic for inferring more nuanced aspects of loading be-
havior experienced throughout an organism’s life (Lieberman, 1997; Djukic et al., 2015). As such,
studies focused on microarchitecture provide an attractive alternative for reconstructing positional
behavior and locomotor behaviors within extinct taxa.
Features commonely used to characterize trabecular microarchitecture include a series of mor-
phometrics, though two of them, BV/TV (bone volume fraction) and degree of anisotropy (DA),
are the most biomechanically relevant with the former supplying around 88% of trabecular bone’s
elastic modulus, or stiffness, and the latter contributing up to 10% (Gibson, 1985; Goldstein et
al., 1993; Odgaard, 1997; Stauber et al., 2006). BV/TV, a measure that is synonymous with bone
density, elucidates the extent of loading while the concept of anisotropy, used to describe the uni-
formity of orientation of the trabeculae, provides a proxy for understanding the directionality of
loading. The more anisotropic, or similarly aligned the trabecular struts are, the more consistent the
orientation of the stress going through the region is hypothesized to be. This is because anisotropic
structures maximize bone stiffness by loading along the longitudinal axis, reducing bending mo-
ments and aligning the bone with the dominant compressive loads (Wolff, 1892). In contrast,
isotropy orients the trabeculae equally in all directions and is consequently ideal for countering
varied loads. Yet, despite hypotheses regarding how trabecular orientation should reflect func-
tional demands, the exact type of loading behavior required to produce certain patterns is a source
of ongoing debate since both high loads performed in short bouts and frequent loading but at lower
magnitudes, have similarly been implicated in generating comparable changes to microarchitecture
(see review in Bertram & Swartz, 1991). However, internal bone morphology has long been used
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to study locomotion within mammals and primates and, in some instance, has produced successful
outcomes (MacLatchy & Müller, 2002; Ryan & Ketcham, 2005; Shaw & Ryan, 2011). Some of
the most convincing evidence derives from in vivo studies that reveal trabecular arrangements to
be sensitive to changes in joint loading direction at varying magnitudes (Pontzer, 2006; Polk et
al., 2008; Barak, Lieberman, & Hublin, 2013b; Schulte et al., 2013). In primates, a detectable
locomotor signal has been argued based on trabecular bone characteristics observed in regions
such as the humerus and femur that experience high compressive forces during locomotion (Ruff,
1994; MacLatchy & Müller, 2002; Ryan & Ketcham, 2005; Scherf et al., 2013). Further, studies
of the sacrum (Russo, 2013) and innominate (Rook et al., 1999; Shapiro, 2016) in primates both
reveal functional signals that correlate, at least partially, with locomotor behaviors and collectively
warrant the extension of such work to other regions and to broader comparative samples.
Unfortunately, these methods are not without their caveats, as debate based on the contradictory
findings of many studies suggests that immature bone may remodel differently than adult bone and
thereby result in different magnitudes of change throughout development (Pearson & Lieberman,
2004). Specifically, it has been argued that trabecular bone many not necessarily be as site specific
as originally posited (Tsegai et al., 2018) and that the various other factors that can alter trabecular
bone morphology (i.e., phylogenetic constraints, genetic regulation, activity level and hormones)
may not be sufficiently appreciated in interpretations (see review in Kivell, 2016). Further, there
are several works that have raised concerns over overly simplistic biomechanical explanations and
the notion that different trabecular orientations could function similarly (Fajardo et al., 2007).
Previous studies on the internal bone microarchitecture of primate limbs indicate that features
of the trabeculae scale allometrically and may be influenced by phylogeny and body size (Ryan
& Shaw, 2013). In fact, some studies reveal instances of negative allometry and body mass inde-
pendence, therefore suggesting a complex relationship between these features and actual function
(Barak et al., 2013). As such, careful consideration should be awarded to locomotor behavior, joint
loading and the mechanical effects of size on internal bone microarchitecture. Unfortunately, there
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is a poor understanding of the size threshold that determines when changing the number, orienta-
tion or thickness of trabecular is necessary to maintain competency in animals of a particular size
(Doube et al., 2011). Therefore, quantifying the effects of phylogeny, body size and locomotion
on trabeculae orientation and density within the innominate of a diverse sample can shed light on
important aspects of skeletal adaptation.
1.9 TheMiocene Record
To understand the origins of bipedalism one must construct an accurate hominoid morphotype
for the last common ancestor, and this intuitively requires extensive consultation with the ape
fossil record, beginning with the Miocene epoch. To date most researchers have focused on the
presence of anatomical features indicative of orthogrady and suspensory behaviors, as they are
viewed as probable crown hominoid plesiomorphies that could serve as preconditions for terrestrial
bipedalism. These features include a broad pelvis and torsos, a narrow sacrum, an elongated
ilial isthmus, a stiff spine, especially in the lumbar region, long forelimbs, scapulae positioned
more posteriorly on the rib cage, widely-spaced shoulder joints, strong grasping capabilities of the
hand/foot coupled with high joint mobility that requires significant modification to the femoral/hip
musculature (Harrison, 1987; Ward, 2007; Crompton et al., 2008; Lovejoy & McCollum, 2010).
If the prevailing model emphasizing the role of vertical climbing is indeed accurate, an in-
creased degree of fore- and hind limb mobility, along with evidence of increased suspensory be-
haviors is expected to manifest throughout the Miocene ape record. Though many of the earlier
Miocene hominoids like Ekembo display a predominately quadrupedal, pronograde monkey-like
body plan, an exception is the noted ape-like, mediolaterally broad distal femur of Morotopithecus
(20 Ma), a taxon that also possesses vertebral and scapular remains interpreted as signifying some
suspensory/vertical climbing capabilities possibly representing an incipient stage of orthogrady
(Gebo et al., 1997; MacLatchy et al., 1998, 2000; Andrews, 2015). Further, Nacholapithecus (15
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Ma), though sharing many similarities with Ekembo, exhibits spinous process and postzygapophy-
ses morpohology comparable to extant apes, implying substantial antipronograde activity (Kikuchi
et al., 2015). This is an interpretation that corroborates those that have previously stressed Nacholo-
pithecus’s climbing and clambering behaviors (Senut et al., 2004; Nakatsukasa et al., 2003, 2007;
Kikuchi et al., 2012).
Recent descriptions of the postcranial remains of the European Miocene ape Pierolapithecus
catalaunicus, dated to 11.9 Ma, provide convincing evidence for a definitive orthograde body plan
in place for hominoids by the Middle Miocene based on features of the thorax, wrist and lumbar
spinal region (Hammond, Alba, et al., 2013; Almécija et al., 2009). While the slightly younger Eu-
ropean specimens Hispanopithecus laietanus (~9.5 Ma) from Catalonia, Spain, and Rudapithecus
hungaricus (~9 Ma) from Rudabanya, Hungary, also show several suspensory adaptations involv-
ing orthogrady (Hispanopithecus: Almécija et al., 2007; Alba et al., 2012) and (Rudapithecus:
Morbeck, 1983; Begun, 1988; Kivell & Begun, 2009). Specifically, Hispanopithecus has a num-
ber of thoracic and lumbar vertebral adapatations that suggest a thorax shape traditionally asso-
ciated with orthogrady in extant apes (Alba et al., 2012) and Rudapithecus has a mobile wrist
interpreted as evidence for suspensory-based locomotion (Kivell & Begun, 2009). Despite the ev-
idence of suspensory behaviors in these taxa, the retention of possible primitive traits, including
many monkey-like features, complicates their locomotor reconstructions.
The African record is sparse for the Late Miocene, though in Europe Oreopithecus bambolii
at 9-7 Ma presents with both orthograde posture and multiple suspensory adapations (Hürzeler,
1958; Harrison, 1991; Köhler & Moyá-Solá, 1997; Moyà-Solà et al., 1999). It isn’t until the
early Pliocene that, Ardipithecus ramidus, a putative hominin, challenged the existing view that
the last common ancestor of great apes engaged in orthograde suspensory behaviors. In contrast
to previous arguments, Ar. ramidus is reconstructed as a generalized above-branch quadrupedal
ancestor with a locomotor behavior comparable to that of Ekembo (Lovejoy, Suwa, Simpson, et
al., 2009). The latter scenario postulates that suspensory behaviors exhibited by some of the extant
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apes are independently derived and that the morphologies traditionally considered shared hominoid
features are therefore problematic (Crompton et al., 2008; Lovejoy, Suwa, Simpson, et al., 2009).
This would not be the first alleged instance of convergence among the apes, as knuckle-walking is
also thought by some researchers to have been independently acquired in Pan and Gorilla (Kivell
& Schmitt, 2009). Additionally, the recent preliminary analysis of a partial innominate attributed
to Sivapithecus indicus further validates the claims of homoplasy within the great apes, as it also
lacks features indicative of suspensory adaptations anticipated for a species argued to be ancestral
to the highly arboreal Pongo (Morgan et al., 2015). The Miocene ape record has thus shown that the
degree of morphological diversity remains poorly understood and it demonstrates the limitations
for accurately evaluating locomotor behavior imposed by traditional methods.
1.10 Bipedalism in the Hominin Fossil Record
The importance of bipedalism to the study of hominin evolution is well documented, as the behav-
ior itself has long been hailed as a quintessential feature used to define the human lineage (Darwin,
1872). It is also considered to have been among the first features that differentiated hominins
from the other great apes, thereby establishing an early presence in the hominin clade (Dart, 1925;
Washburn, 1950; Wood & Richmond, 2000). And although bipedalism itself is not exclusive to
humans, the degree of commitment to it as a sole form of locomotion is, resulting in a variety
of novel features throughout the skeleton that are used by morphologists to generate functional
interepretations imperative for identifying hominins in the record. Despite its central importance
to hominin evolution, there are many unknowns that have generated a myriad of hypotheses in
the literature (see review in Niemitz, 2010) that focus on: 1.) the identification of the locomotor
repertoire that proceeded bipedalism 2.) the ecological context that it arose in and 3.) the extent to
which particular hominin species utilized terrestrial, bipedal capabilities relative to their arboreal
capacity (see detailed discussion in Harcourt-Smith, 2005). In order to explore these themes, and
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assess bipedality within fossils, morphologists have come to rely on a suite of skeletal features
found throughout the axial and appendicular skeleton that assume an underlying form-function
relationship between the structures and locomotor behavior. This approach continues to be the pri-
mary means for reconstructing locomotor behavior in the record, despite the recognized inability
to isolate functional features from their the phylogenetic influences.
Notwithstanding the noted limitations, this morphological criterium for assessing bipedalism
in the fossil record has been used to establish what is known regarding key features of hominin
evolution, including the timing, location and the morphological progression of adaptations char-
acterizing the lineage. This includes the origins of the hominin clade itself, which is postulated
to have been as early as 6-7 million years ago as inferred by the discovery of the oldest putative
hominin species, Sahelanthropus tchadenensis from Toros-Menalla, Chad (Brunet et al., 2002).
The taxon is a contender for the oldest hominin representative in the record, though it only consists
of several isolated teeth and a heavily distorted cranium, which keeps its phylogenetic position
speculative (Wood & Richmond, 2000). Sahelanthropus is postulated to have been bipedal based
on a reconstruction of the cranium, which is argued to display a variety of derived hominin fea-
tures including an anterior positioning of the foramen magnum, a vertically oriented face and a
premaxilla that is shortened anteroposteriorly (Zollikofer et al., 2005) (although see alternative
interpretations in Wolpoff et al., 2002, 2006). Given the lack of clearly associated postcranial
remains, it is difficult to confidently assess locomotor behavior in this species.
The earliest postcranial evidence for bipedalism is associated with the slightly younger species
Orrorin tugenensis, dated to 5.7-6.0 Ma, known from several localities within the Lukeino Forma-
tion in Kenya (Senut et al., 2001). Among the associated finds, several femoral fragments (i.e.,
BAR 1002’00, 1003’00, and 1215’00) have generated the strongest evidence for its use of habitual
bipedalism, an interpretation corroborated by studies using computed tomography (Galik, 2004),
2D shape comparisons (Richmond & Jungers, 2008) and 3D geometric morphometric analyses
(Almécija et al., 2013). The specific derived anatomical traits used to infer its bipedality include
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the presence of an enlarged femoral head, an extended femoral neck, the marked development of
the obturator externus groove, the asymmetrical cortical distribution in the femoral neck and the
presence of a well-developed gluteal tuberosity (Pickford et al., 2002). Despite the alleged bipedal
features, controversy about the extent of its bipedal behavior persists because of the poor resolu-
tion of the CT data used in the original study (Ohman et al., 2005) and subsequent attempts at
reevaluating the internal morphology which reveal similarities with chimpanzees (Begun, 2004;
Kuperavage et al., 2010).
The discovery of dental remains assigned to Ardipithecus kadabba in the Middle Awash region
of Ethiopia, dated to 5.2-5.8 Ma, revealed features reminiscent of those identified for O. tugenensis
and S. tchadenensis, while also being distinct enough in regards to its wear patterns to warrant its
elevation from a subspecies (Haile-Selassie et al., 2004). Therefore, Ardipithecus kadabba hinted
at the presence of taxonomic diversity in Miocene hominoids soon after the human-chimp diver-
gence, but it was not until the preceding species, Ardipithecus ramidus, was unveiled that a true
appreciation for the morphological diversity of this genus was realized. This is because Ardip-
ithecus ramidus provided the first glimpse into the postcranial configuration of a taxon argued to
occupy a position close to the base of the hominin clade. Ardipithecus ramidus is best exemplified
by the ARA-VP 6/500 specimen from the Aramis region of Ethiopia dated to 4.4 Ma, as it offers a
well-preserved partial fragmentary skeleton that implies bipedal capabilities as inferred by features
of its ilium and the morphology of the lateral/midfoot foot (Lovejoy, Suwa, Simpson, et al., 2009).
The reconstructed pelvis of Ar. ramidus implies that this taxon had a wide sacrum, though an
actual sacrum was not recovered for the specimen, a hominin-like ilium that is reduced in height
and an acetabular configuration collectively interpreted as support for increased terrestrial bipedal-
ism as many of these morphologies imply increased hip stabilization (Lovejoy, Suwa, Simpson,
et al., 2009). The derived features described in the foot, although also retaining primitive features
like an abducted hallux, are thought to be adaptations to withstand a rigid toe-off during a bipedal
gait cycle (Lovejoy, Suwa, Simpson, et al., 2009). Further, features of the basicranium are also
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interpreted by some as being derived and thus shared exclusively among hominins (Kimbel et al.,
2014). More recent work done on the pelvic reconstruction, based on a combination of experi-
mental biomechanical analyses, suggest that Ardipithecus ramidus was capable of a human-like
bipedal gait that did not obstruct its ability to climb efficiently as was inferred by its calculated hip
extensor orientation (Kozma et al., 2018).
Throughout East Africa, members of the earliest accepted genus of hominins, Australopithecus,
provided substantial postcranial evidence for bipedality that is shared among even the oldest rep-
resentatives allocated to the group, Australopithecus anamensis. Australopithecus anamensis was
discovered at sites from Kanapoi and Allia Bay in nothern Kenya that date to 4.5 to 3.9 Ma. This
species is postulated to be ancestral to Au. afarensis, possibly representing a single phyletically
evolving lineage, a hypothesis that is corroborated by the transitional morphology unveiled in the
Woranso-Mille hominins discovered in the Afar region (3.6-3.8 Ma) (Haile-Selassie et al., 2010).
Au. anamensis contains several anatomical adaptations associated with bipedalism throughout its
axial skeleton. Specifically, features of the lower limb, including the distal tibia which shows a
realignment of the joint itself, a relatively straight tibial shaft, in addition to its markedly flared
promixal and distal metaphyses (Leakey et al., 1995; Wolpoff et al., 2016). Further, the tibia has
anteroposterior lengthening of the articular surfaces with symetrical and concave condyles (Leakey
et al., 1995).
The material assigned to Australopithecus afarensis, dated to between 4-3 million years, con-
sists of an extensive collection of fossils that have served as an essential comparative reference for
evaluating early hominin locomotion (Ward, 2002). Represented across several localities through-
out East Africa, most notably the Hadar region of Ethiopia and the Laetoli locality in Tanzania,
Australopithecus afarensis provided essential insights into hominin postcranial morphology. Espe-
cially with the discovery of a nearly complete partial postcranial skeleton (A.L. 288-1) (Johanson
et al., 1978) that, when considered with the 3.6 mya Laetoli footprint finds (Leakey & Hay, 1979),
showed compelling evidence for a taxon that engaged in a significant degree of bipedalism. Though
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the extent of bipedalism is still contested, with some arguing for the rentention of varying degrees
of arboreal capabilities (Stern Jr & Susman, 1983; Susman et al., 1984; Jungers, 1982; Marchi,
2015) versus a view that suggests that they were primarily bipedal and subsequently abandoned
their arboreal proclivities (White, 1980; Crompton et al., 1998). These debates were eventually
extended to those concerned with the specific gait used by Australopithecus, in particular the possi-
bility of a "bent-hip, bent-knee", or BHBK gait (Crompton et al., 1998; Wang et al., 2003; Raichlen
et al., 2010; Lovejoy & McCollum, 2010). Porponents of this view argue that lack of a lumbar lor-
dosis in Australopithecus afarensis would have limited the ability to utilize erect posture during
locomotion thereby rendering a BHBK gait inefficient for extended bouts of bipedalism (Crompton
et al., 1998). Yet, many have found evidence of lordotic curvature that suggest the Australopithecus
individuals in the sample, most notably Sts-14, are in comparable ranges to those of modern hu-
mans based on the presence of diagnostic features like vertebral wedging (Robinson, 1972a; Ward,
2002; K.K. et al., 2007; Been et al., 2012). These differential interpretations serve as yet another
reminder of the complicated nature of drawing functional inferences from skeletal remains.
Fortunately, independent of the controversies, the abundance of material for Australopithe-
cus afarensis, and the work generated from it, has managed to shed light on several key skeletal
adaptations that mark the initial shift to bipedalism in the hominin lineage. This includes the es-
tablishment for a morphological baseline for assessing bipedalism which implicates the following
as important chracteristics: a broad ilium that is shortened relative to other apes, an adducted hal-
lux, a reduced lumbar region and a pronounced bycondylar angle at the knee joint (Lovejoy, 2005;
Ward, 2002). Additonally, the Laetoil footprint site has provided evidence that could prove infor-
mative for understanding gait behavior, as the species that made these prints is reconstructed as
being equipped with human-like gait kinematics, a surprising revelation that signifies an advanced
bipedal gait predated the genus Homo (Raichlen et al., 2010). Unfortunately, the inability to confi-
dently associate these prints with a particular species is becoming even more challenging given the




In the last decade, South Africa has also been prominently featured in discussions of hominin
evolution after several new hominin taxa were discovered from the region. Historically, it is Aus-
tralopithecus africanus (3.3-2.1 Ma) from the South African sites of Taung, Sterkfontein, Maka-
pansgat and Gladysvale (Broom, 1938; Dart, 1948; Berger et al., 1992) that have secured this
region’s relevance. Au. africanus is argued to be quite similar to the East African Au. afarensis in
many aspects of its postcranium (McHenry, 1986). Though some specimens, specifically Sts-14
and Stw-431, reveal key differences in the pelvis, namely the presence of unique locomotion-
related muscular insertion sites (i.e., linea glutea interior, iliofemorale insertion, ilopsoas muscle
groove and the eminentia iliopectinea) and distinct attributes relating to overall pelvic outlet shape
(Haeusler, 2002).
Despite these differences, both Au. afarensis and Au. africanus possess gluteal muscle con-
figurations consistent with human-like bipedalism making it reasonable to infer a comparable
gait. Though interpretations regarding some aspects of its tibial morphology, based off of the
Au. africanus Stw 514a specimen, describe it as being more primitive (Berger & Tobias, 1996).
This complicates the interpretations that reconstruct Au. afarensis as the ancestor to Au. africanus
(Berger & Tobias, 1996). And this alternative interpretation would oppose the phylogenetic hy-
pothesis that positions Au. afarensis as the ancestor to Au. africanus and, consequently, as the
direct ancestor to Homo. Instead, the alternative view argues that Au. africanus is the ancestor to
early Homo, thereby implying a South African origin for the lineage that was originally proposed
by Dart (1925) when he described the type specimen of Au. africanus from Taung. The subsequent
discoveries at the East African sites have long maintained the focus at those localities until recent
fossil discoveries generated a renewed interest in South Africa following the discovery of the late
surviving (1.9 mya) australopith Au. sediba. Au. sediba, from Malapa, revealed a remodeled
Homo-like pelvis and unusual retentions of primitive traits argued to more closely resemble Au.
africanus (Berger et al., 2010; Carlson et al., 2011).
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A. sediba’s mosaicism reiterates the presence of different forms of bipedalism, homoplastic
features in the postcranium and the potential for conflicting phylogenetic interpretations. In terms
of pelvic morphology, this species also shows that a modern human pelvic configuration can arise
independent of a shift in body size or the need to birth large-brained infants (Kibii et al., 2011;
Churchill & Vansickle, 2017; DeSilva et al., 2013). In addition, the presence of multiple Pliocene
hominins at a number of East African localities has thus further complicating longstanding de-
bates by confirming the presence of contemporaneous species that display mosaic adaptations for
bipedalism (Haile-Selassie et al., 2010, 2012). And the latest taxonomic addition to the hominin
clade, Homo naledi, excavated from the South African Rising Star Cave system, reveals more
unexpected combinations of derived and primitive features that will likely add to the growing ap-
preciation of postcranial diversity found across early hominins (Berger et al., 2015). Homo naledi
is equally diverse in its pelvic morphology, with features like exceptional iliac flaring and mini-
mal or absent acetabulospinous and acetabulocristal buttress resembling that of Australopithecus
coupled with features like a reduced ischium and robust pubis region, resembling that of modern
humans (VanSickle et al., 2017).
The prevailing view maintains that there was a critical morphological shift, especially within
the pelvis, between Australopithecus and Homo that is speculated to have been facilitated by an
increase in body-size and encephalization, both argued to require substantial modification to the
postcranium (Antón et al., 2014; Churchill & Vansickle, 2017), the latter relating to parturition
demands (but see Dunsworth et al., 2012). Unfortunately, the exact nature of these changes can
be difficult to assess, as the record for early Homo is relatively scarce (Ward et al., 2015). In fact,
there are no well-authenticated postcranial remains even associated with certain taxa, such as H.
rudolfensis, to evaluate the extent of morphological diversity in these early members of the genus
(Ward et al., 2015).
What is known of the postcranial morphology of Homo habilis (1.8 Ma) is best exemplified by
the partial skeleton of OH 62 from the Olduvai Gorge, Tanzania, as it is reliably associated, though
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extremely fragmentary (Johanson et al., 1987). It appears to mainly resemble Australopithecus
based on femoral elements, specifically its estimated relative limb proportions (Richmond et al.,
2002) and cross-sectional diameters (Ruff, 2009). These measures indicate participation in terres-
trial bipedalism, while not precluding substantial arboreal behavior as denoted by the presence of
longer, more ape-like upperlimb proportions (Wood, 2014). However, the cross-sectional features
remain notably distinct from those found in H. erectus (Ruff, 2009; Ward et al., 2015). Further,
specimens like the OH 35 and OH 8 corroborate other human-like interpretations of bipedal adap-
tations based on aspects of the lower limb and foot, respectively (Susman & Stern, 1982). These
specimens have ankle morphology that aligns the talar facet with the long axis of the tibial shaft
and muscle insertion sites that are described as being more human-like (Davis, 1964; Susman &
Stern, 1982). More insight into the extent of early Homo mosaicism was provided via the discovery
of the Dmanisi material, considered by some to be early Homo erectus (1.77 Ma) from Georgia,
as it unveils a comparable postcranium that combines primitive traits, like reduced stature, a lack
of humeral torsion and a small brain size, with a derived lower limb configuration argued to im-
ply extended traveling capabilities complimented with a foot equipped with a well-developed arch
(Lordkipanidze et al., 2007; Pontzer et al., 2010).
Therefore, these early Homo representatives, like others, are thought to be using bipedalism
while retaining traits that are used to perform arboreal activities (Lordkipanidze et al., 2007;
Pontzer et al., 2010). Further, the only unambiguously associated P. boisei specimen, OH 80
(1.34 Mya), indicates some overlap with Homo erectus (Domínguez-Rodrigo et al., 2013) in as-
pects of its femoral morphology, namely the presence of thick cortical bone, its platymerically-
shaped proximal diaphysis and comparable arrangements of gluteal, pectineal and spiral lines
(Domínguez-Rodrigo et al., 2013). And OH 80 evidences forelimb characteristics like extensive
ulnar buttressing, marked shaft curvature along with a novel lateral configuration of the articular
fovea that seem to indicate that at least occasional climbing behaviors occured in conjuction with
its terrestrial bipedalism (Domínguez-Rodrigo et al., 2013). Therefore, OH 80 confirms the pres-
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ence of yet another hominin that retains arboreal characteristics in the upper limb that is paired
with a lower limb modified for terrestrial bipedalism, all of which occupy the same temporal and
geographical range (Wood & Constantino, 2007; Domínguez-Rodrigo et al., 2013).
Before Homo erectus, hominins show a combination of both ape and human characteristics
that are possibly attributed to continued participation in arboreal capabilities. But Homo ergaster,
specifically the KNW-WT 15000 specimen, which consists of an almost complete skeleton, reveals
lengthened thighs and a much narrower pelvis compared to the hominins that preceded it (Brown
et al., 1985). These are features argued to have enhanced their biomechanical efficiency while
walking, and possibly running, thereby serving as the conceptual basis for the endurance running
hypothesis (Bramble & Lieberman, 2004; Pontzer et al., 2010). Though the discovery of the Gona
pelvis, BSN49/P27, with its exceptionally flared pelvis and small body size, coupled with the
small stature and morphological features encompassed in the Dmanisi material, caution against
the use of KNW-WT 15000 as a species representative (Simpson et al., 2008; Lordkipanidze et
al., 2007). Specifically, with the Dmanisi material it is difficult to assess the unique combination
of H. erectus features with those that more closely resemble H. habilis leading to ongoing debate
about this period in the fossil record that is only further complicated by the growing evidence that
extends the temporal overlap between these species (Spoor et al., 2007) and those that highlight
the taxonomic diversity within early Homo (Leakey et al., 2012).
Pelvic remains attributed to H. erectus show a combination of shared features with Australop-
ithecus, anatomically modern humans and, in some instances, traits that appear completely novel
(see review in Churchill & Vansickle, 2017). Though it is difficult to infer primitive versus de-
rived features at this time because the pelvic anatomy of earlier Homo is virtually unknown. Some
researchers argue that a distinct "femuropelvic complex" can be observed across specimens con-
fidently assigned to H.erectus and those various Pleistocene specimens that have been putatively
allocated to it (KNM-ER 3223, KNW-WT 15000, OH 28, KNM-ER 1808, KNM-ER 803, UA-
173/405/466) (Churchill & Vansickle, 2017). This includes similarities in overall size and ro-
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busticity, similarities in bony buttressing (i.e., acetabulocristal and acetabulosacral), an expanded
acetabulum, larger retroauricular areas, increased iliac tuberosities that are also everted and femurs
that are relatively straight with a long neck and a low positioning of the mediolateral breadth on
the shaft reinforced with thickened cortical bone (Ruff et al., 2015).
Interpretations of pelvic and femoral material excavated from Koobi Fora also suggests the
presence of at least two postcranial morphotypes in early members of the genus Homo (Ward et
al., 2015). Further, the late-surviving Pleistocene (100-60k years ago) species of hominin, Homo
floresiensis, from Flores, Indonesia, reiterates the extent of this mosaicism, presenting with an un-
expected suite of primitive and derived features (Jungers et al., 2009; Sutikna et al., 2016). The
pelvis of Homo floresiensis, as in Australopithecus, displays a pronounced degree of lateral flaring
and relatively small acetabula, though the acetabula display a broadened superior lunate surface
(Brown et al., 2004; Jungers et al., 2009; Aiello, 2010). This species also resembles Australopithe-
cus specimens in aspects of its pelvic buttressing, specifically its weakly expressed acetabulocristal
buttress and its long acetabulosacral buttress (Brown et al., 2004; Jungers et al., 2009). These fea-
tures are not found in all of the attributed pelvic remains which hint at a high degree of variability
that make it difficult to assess the pelvic traits are truly informative for inferring locomotion.
In addition, H. floresiensis also has a wide groove for the obturator internus muscle (Brown
et al., 2004) and reduced cristal tubercles (Jungers et al., 2009). Some of these traits have been
likened to other hominins and even to extant modern human "pygmy" populations, though the
unique proportions could be partly attributed to their small stature, which has been interpreted as
resulting from insular dwarfism (Martin et al., 2006) or the presence of a pathological condition
(Hennenberg & Thorne, 2004; Henneberg et al., 2014) (but see Falk et al., 2007). Recent genetic
analyses found evidence of polygenic selection in modern human "pygmy" populations extant near
the cave where H. floresiensis was excavated suggesting that reduced stature may have evolved
independently in both lineages in this particular region thereby lending credibility to the insular
dwarfism hypothesis (Tucci et al., 2018).
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As such, the abundance of new fossil material, and the development of innovative methodolog-
ical approaches, has advanced the discussions surrounding hominin bipedalism to include more
nuanced biomechanical interpretations, for instance, the current debate surrounding Au. sediba’s
unique degree of hyperpronation (DeSilva et al., 2013). The fossil record has therefore introduced
postcranial variation at various stages of hominin evolution, providing growing support for the idea
that bipedalism likely evolved multiple times throughout primate evolution, consequently challeng-
ing previous held models that imply a linear progression of trait evolution (Harcourt-Smith, 2005).
As such, methods capable of detecting the differences between these different forms of bipedalism





Bipedalism is a defining characteristic of the human lineage and therefore an important diagnostic
tool for assigning hominin status to fossil remains (Dart, 1925) Yet despite the consensus sur-
rounding its overall significance, there is less agreement regarding how the transition occurred
and the body plan that preadapted hominins for their unusual upright bipedal locomotion (Day,
1986). As such, the literature has sought to introduce novel ways of reliably evaluating locomotor
behavior within primates using skeletal elements, often relying on certain measures deemed to be
biomechanically relevant. Naturally, the pelvis is a focus of such attempts because of its essential
role within the locomotor skeleton. But given the unexpected postcranial morphology encoun-
tered with the discovery of Ardipithecus ramidus, that challenge preexisting hypotheses regarding
This chapter is intended to be submitted for publication as a manuscript with the following co-authors: William
E.H. Harcourt Smith, Herman Pontzer and Mark W. Grabowski. Harcourt-Smith provided general guidance for the
non-phylogenetic 3D geometric morphometric component of the study, Pontzer provided the Ardipithecus ramidus
three dimensional landmark data used in the analyses and Grabowski designed and implemented the phylogenetic
comparative modeling methods used on the two-dimensional data.
36
CHAPTER 2. EXTERNAL INNOMINATE MORPHOLOGY
the postcranial morphology of the Pan-Homo last common ancestor (LCA), a reappraisal of such
pelvic measures that invokes a broader phylogenetic context is warranted. This is especially true
given the growing evidence of homoplasy within various Miocene taxa that complicate our un-
derstanding of derived features within extant apes. This study contrasts commonly used pelvic
linear measures against three-dimensional data using phylogenetic comparative methods that iden-
tify similar phenotypic shifts in extant and extinct taxa to isolate locomotor-driven adaptation in
the pelvis. Key fossil taxa (i.e., Ardipithecus ramidus, Australopithecus anamensis, Australopithe-
cus afarensis and Ekembo nyanzae), some of which have yet to be assessed using 3D data, will
be introduced into extant models to enhance the understanding of the critical shift to terrestrial
bipedalism while attempting to elucidate the role of body size, phylogenetic constraint and evolu-
tionary mode. Through evaluating locomotor hypotheses using models based on two-dimensional
versus three-dimensional data, and by fitting the data with a Ornstein-Uhlenbeck model of trait
evolution, this study seeks to elucidate the morphological and temporal context for one of the most
transformative transitions in hominins.
2.2 Introduction
Prior to the discovery of Ardipithecus ramidus the oldest and most definitive representatives of the
hominin lineage were attributed to the genus Australopithecus. Ar. ramidus has a mosaic postcra-
nium argued to demarcate the beginning of the transition from arboreality to the more terrestrial
locomotor behaviors observed in temporally successive hominin taxa. Its interpretation as a ter-
restrial biped is largely confined to features of the pelvis and femur (Lovejoy, Suwa, Spurlock,
et al., 2009), while its arboreal adaptations are based on features of the upper limb and the foot
(Lovejoy, Simpson, et al., 2009; Lovejoy, Latimer, et al., 2009). Specifically, the forelimb complex
reconstructs Ar. ramidus as an above branch quadruped that utilized palmigrady while engaging
in bridging and clambering, thereby drawing surprising functional affinities to early Miocene stem
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hominoids such as Ekembo nyanzae (McNulty et al., 2015), formerly classified as Proconsul nyan-
zae (Lovejoy, Simpson, et al., 2009). The research team that originally described Ar. ramidus
has since clarified these comparisons with E. nyanzae, explaining that their intention was not to
identify Ar. ramidus as a "monkey-like", but rather, to illustrate that like Ekembo, it lacked any of
the suspensory specializations found in extant African apes (White et al., 2015). The foot of Ar.
ramidus has an opposable hallux though it has a hypertrophied second ray that is argued to have
assisted with bipedal locomotion (Lovejoy, Latimer, et al., 2009). The more rigid configuration
of the lateral midfoot region is also said to be capable of both plantigrade postures and terrestrial
bipedalism, as it would have been more equipped to deal with the unique functional demands of
upright walking, namely the ability to carry out a forceful toe-off (Lovejoy, Latimer, et al., 2009).
In terms of its unusual postcranial features, the pelvis of Ar. ramidus is argued to have un-
dergone the most remodeling relative to extant primates (Lovejoy, Suwa, Spurlock, et al., 2009).
This is especially true of the superior aspect of the ilium, which appears to have allowed for the
repositioning of the gluteal muscles necessary for upright walking, a claim the authors base on the
pronounced degree of mediolateral flaring (Lovejoy, Suwa, Spurlock, et al., 2009). Additionally, a
well-developed anterior inferior iliac spine (AIIS), which serves as an insertion site for the muscu-
lature that permits knee extension during bipedal gait, is also present. Together these anatomical
features are argued to minimize side-to-side shifting of the center of mass during upright loco-
motion (Lovejoy, Suwa, Spurlock, et al., 2009; Lovejoy, Suwa, Simpson, et al., 2009). Other
features used to infer bipedality in Ar. ramidus include a greater sciatic notch, an increased degree
of lumbar lordosis and an anteriorly placed foramen magnum (Lovejoy, Suwa, Spurlock, et al.,
2009). This unusual coupling of arboreal quadrupedalism and terrestrial bipedalism allegedly used
by Ar. ramidus contrasts with the suspensory, vertical climbing and knuckle-walking behaviors
observed in any of the extant great apes (White et al., 2015). The hominoids from the Middle to
Late Miocene that precede Ar. ramidus consequently offer poor comparative referents, providing
little insight concerning debates of its phylogenetic significance (Harrison, 2010). In fact, none of
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the described large-bodied hominoids during this time compare to the postulated locomotor reper-
toire utilized by Ar. ramidus; instead, these taxa tend to have locomotor repertoires that included a
substantial degree of suspensory and/or vertical climbing behaviors (Benefit & McCrossin, 1995).
For example, Pierolapithecus, a Middle Miocene hominoid from Barcelona, Spain, dated to 11
Ma shows clear evidence of adaptations for climbing and suspensory behavior with limited use of
palmigrady, and is posited to occupy a phylogenetic position close to common ancestor of both
great apes and humans (Moyà-Solà et al., 2004). Its postcranial morphology suggests that early
great apes likely retained primitive monkey-like characters combined with derived features associ-
ated with a use of more orthograde trunk positions (Hammond, Alba, et al., 2013).
More recent work on the pelvic morphology of Pierolapithecus support these original findings,
showing an increased degree of mediolateral flaring of the ilium compared to the more generalized
Ekembo nyanzae innominate (Hammond, Alba, et al., 2013). Researchers working on Ar. ramidus
maintain that its pelvic morphology reflects increased terrestriality coupled with ”versatile and de-
liberate climbing” capabilities that likely made use of both orthograde and pronograde postures
(White et al., 2015). This implies that the unique features of the Ar. ramidus pelvis are more
likely attributed to increased bipedal locomotion opposed to suspensory climbing behaviors in-
volving orthogrady. This also suggests that previously established shared features associated with
orthogrady found in all the extant African apes evolved independently, and are consequently ho-
moplastic. To add to this complexity, the recent Sivipithecus indicus innominate discovery makes
this latter scenario more plausible, by revealing even more morphological diversity in Miocene
ape pelvic morphology (Morgan et al., 2015). Just as in the case with Ardipithecus, the S. indicus
pelvis notably differs from all extant apes and appears to have moved in a pronograde, above-
branch quadrupedal fashion although remaining competent in their antipronograde behaviors as
well (Morgan et al., 2015).
Therefore, the inclusion and direct comparison of E. nyanzae and Ar. ramidus in this study
is imperative for exploring the functional signal of the pelvis across primate taxa. Specifically,
39
CHAPTER 2. EXTERNAL INNOMINATE MORPHOLOGY
through comparing how well the data can be fitted to an multi-regime Ornstein Uhlenbeck (OU)
model (Hansen, 1997) that considers phylogeny while establishing phenotypic, or adaptive shifts,
across the diverse taxonomic sample. Further, being the first comprehensive 3D geometric morpho-
metric analysis performed on these fossil taxa, it will allow direct quantification of shape variation
that, when considered with the OU modeling, will offer a more holistic view of the various factors
shaping primate pelvic morophology. This will then aid in establishing better criteria for assessing
locomotion in the fossil record and in the construction of predictive modeling approaches.
2.3 Objectives and Hypotheses
The main objectives of this study are to 1.) decipher the functional role of external pelvic dimen-
sions as inferred by linear and three-dimensional landmark data, 2.) understand the rate and mode
of evolution influencing pelvic morphology across extant and fossil primates and 3.) test locomo-
tor hypotheses using phylogenetic comparative methods.
To obtain these aforementioned objectives, a series of hypotheses will be evaluated in this study:
H1: Based on the underlying assumption that pelvic form reflects functional adaptation to loco-
motion (e.g., Robinson, 1972a; Leutenegger, 1974; Lovejoy, 1975; Ashton et al., 1981; Steudel,
1981a; Stern Jr & Susman, 1983; Lovejoy, Suwa, Simpson, et al., 2009; Lewton, 2010; Lycett &
von Cramon-Taubadel, 2013; Lewton, 2015a), it is expected that broad locomotor categories will
correspond with distinct, quantifiable morphologies recoverable in both 2D and 3D innominate
trait data.
H2: Because organisms are, at least in part, bound by a genetic blueprint that guides their skeletal
morphology, it is predicted that a phylogenetic signal will be influencing overall innominate shape
resulting in aspects of morphology corresponding to particular primate groups like hominoids,
cercopithecoids, platyrrhines and strepsirrhines.
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H3: Given the proposed low integration and high adaptability of the pelvis argued in the literature
(Lewton, 2011; Grabowski et al., 2011), phylogenetic models that account for stabilizing selec-
tion will prove more accurate for explaining pelvic trait data than pure genetic drift-based models
assuming a Brownian motion evolution patterns.
H4: Ardipithecus ramidus, given its described similarities with Ekembo and argued phylogenetic
position near the human-chimp divergence, will have innominate morphology that is most similar
to these groups.
H5: Given that orthograde posture is inherently linked to upright walking, it will be a significant
variable in this study revealing that those taxa that engage in orthogrady converge on distinguish-
able shape similiarities that will differ from those utilizing a pronograde posture.
H6: Based on the current fossil material available for several Miocene ape taxa, and the inter-
pretations of Ardipithecus’s argued locomotor repertoire, it appears plausible that a pronograde
body-plan preceded terrestrial bipedalism rather than one involving substantial orthogrady, there-
fore, phylogenetically informed models based on pelvic traits will provide higher support values
for a pronograde ancestor for all hominoids.
2.4 Materials andMethods
A total of 429 extant primates, representing 55 species, was used for the study sample with
members of strepsirrhines (n=49), playtrrhines (n=64), cercopithecoids (n=126) and hominoids
(n=190) all represented (see Table 2.1). Data obtained from extant taxa were derived from spec-
imens housed at the American Museum of Natural History (AMNH), the United States National
Museum (USNM) and at Harvard’s Museum of Comparative Zoology (MCZ). All included speci-
mens were wild shot and of adult age, inferred via the extent of epiphyseal fusion of the associated
skeleton, in addition to further corroboration obtained by official records kept at the respective in-
stitutions. Specimens with any evidence of disease or injury were excluded from the study sample
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Figure 2.1: Innominates of the fossil taxa included in the analyses (a) Au. afarensis AL-288, (b)
Au. africanus Sts-14, (c) Ekembo nyanzae (KNM-MW 13124) and (d) Ar. ramidus (ARA-VP-
6/500) Lovejoy reconstruction. Institutional abbreviations in specimen numbers are defined in the
sample information provided in Table 2.1
(see Appendix A for detailed specimen inventory data).
The landmark data used for the Ardipithecus ramidus specimen (ARA-VP-6/500) were col-
lected by Dr. Herman Pontzer and taken from a three-dimenional printout based on the recon-
struction by Lovejoy et al. (2009), courtesy of Tim White, University of California, Berkeley. The
Ekembo nyanzae landmark data were derived from a cast of the KNM-MW 13142D left innomi-
nate from Mfangano Island, Kenya, that was originally described by Ward et al. (1993). This cast
was provided courtesy of the Center for the Study of Human Origins (CSHO) at NYU. Additional
fossil casts of the Sts-14 innominate from Member 4, Sterkfontein, South Africa, and the AL-288
innominate from Hadar, Ethiopia, were provided for analysis by the American Museum of Natural
History, New York. All fossil material is relatively complete and thereby suitable for inclusion in
the study (Figure 2.1).
2.4.1 3D GeometricMorphometrics
3D Geometric morphometrics (3D GM) is a form of statistical shape analysis that permits quantita-
tive assessment of three-dimensional geometry obtained from landmark coordinate data (Bookstein,
1991). Geometric morphometrics uses anatomical landmarks placed within a Cartesian coordinate
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system and it offers a more nuanced approach to comparative, statistical shape analysis, one that
preserves geometric form (Adams, 2014). Shape is an important concept in biological studies
because the structure of a bone itself relflects adaptations that help infer its functional role. There-
fore, 3D GM is an indispensable tool for morphologists as it provides both direct quantification
and convenient visualization of shape changes that are not possible when confined to traditional
two-dimensional measures (Zelditch et al., 2004). The superimposition of landmark configura-
tions, usually performed via the Procrustes Paradigm, allows the creation of shape variables that
are oriented to a common coordinate system, a process referred to as a generalized Procrustes
analysis (GPA). GPA effectively removes non-shape related translational and rotational variation
by adjusting for size through scaling the coordinates to the specimen’s centroid size, with centroid
size being defined as the square root of the sum of squared distances for a set of landmarks from
their established centroid (Bookstein, 1991; Rohlf & Slice, 1990). The unit of centroid size permits
exploration of allometric effects, with the most common method being to perform a multivariate
regression of shape data vs. centroid size (e.g., Loy et al., 1998) (but see alternative approaches
in Klingenberg, 1996). Once GPA-aligned, the scaled landmark coordinates can be projected from
their native space, known as Kendall’s space shape, into a Euclidean linear space where subsequent
statistical analysis can be performed on the data directly (Rohlf, 1999). This is then typically fol-
lowed by multivariate analyses of the projected data via a graphical depiction method, with the
most commonly used ordination methods being principal component analysis (PCA), discriminate
function analysis (DFA) and canonical variate analysis (CVA).
The 3D GM data used in this study consists of 24 specified 3D homologous Type I, II or III
landmark points collected using a Microscribe 3D digitizer on each specimen’s innominate (Table
2.1). The innominates were secured via modeling clay in the same anatomical position prior to
landmark digitizing. The three-dimensional coordinate data were scaled and superimposed using
GPA (Rohlf, 1999). GPA-aligned data were then subjected to a PCA and to other high-dimensional
multivariate analyses using analyses developed for the library ‘geomorph’ (Adams et al., 2018)
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in the R computing environment. This includes basic morphometric transformations typical of
3D geometric morphometrics (Bookstein, 1991) and methods for detecting phylogenetic signal in
three-dimensional landmark data (Adams, 2014).
Hierarchical clustering was performed in R and used a distance matrix comprised of PC scores
and Procrustes distances generated from the PCA to find clusters without a priori assumptions.
The specific algorithm is performed via the complete linkage clustering methodand is similar to the
total-sum-of-errors criterion associated with K-means clustering. The Ward method was employed
as it is preferred since it can identify clusters in multivariate Euclidean space (Murtagh, 2014).
Bootstrap analysis of the hierarchical clustering were conducted using the ‘Pvclust’ package in R




A phylogenetic tree for extant taxa was generated using a consensus tree downloaded from 10k
trees (ver. 3; http://10ktrees.fas.harvard.edu/). The tree uses genetic data obtained via the Genbank
database and establishes branch lengths based on Bayesian phylogenetic methods. Extinct taxa
were added to the consensus tree through manual tree manipulation in R that was based on known
divergence times and relative age ranges published for each taxon (Dembo et al., 2015). For the
3D GM component of the study phylogenetic contributions were assessed by using a variant of
the K-statistic (Blomberg et al., 2003), Kmult, applied to three-dimensional data in the ‘geomorph’
package in R (Adams, 2014). This approach provides a statistic measure of trait evolution as
expected under Brownian motion (BM), with the assumption that higher Kmult values (>1) indicate
the taxa share more phenotypical similarities than predicted under a BM model of trait evolution.
A phylogenetic PCA, pPCA, was also performed to account for the phylogenetic-based non-
independence of species means via a combination of methods available in the ‘ape’ (Paradis et
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al., 2004), ‘phytools’ (Revell, 2012) and ‘geomorph’ (Adams, 2018) packages in R. pPCA was
performed on the full 3D coordinate dataset using both a traditional Brownian Motion (BM) co-
variance structure and a subsequent analysis that was performed with a reduced dataset (landmarks
2, 4, 11, 15, and 19 ) fitted with Pagel’s (1999) lambda parameter. The landmark dataset was re-
duced to meet the requirements of having less observations than number of species required to
calculate the inverse of the covariance matrix necessary to optimize the lambda fit. The lambda
fit transforms the error structure of the PCA size-correction to best fit a BM model of trait evo-
lution along the phylogeny (Pagel, 1999). The influence of locomotor behavior was assessed via
MANOVA using the locomotor categories applied in Russo (2013) derived from the modes and
postural preferences previously established in the literature for primates (Schmitt, 2010; Napier
& Walker, 1967; Napier & Napier, 1967; Fleagle, 1976; Rodman, 1979; Tuttle & Watts, 1985;
Cant, 1987; Meldrum, 1998; Doran, 1989; Hunt, 1989, 1991; Schmidt, 2010; Sueur et al., 2011),
though modified to fit the sample (Table 2.1). These general locomotor categories also accounted
for postural preferences since this is essential for evaluating hypotheses relating to ape locomotion.
The degree of arboreality vs. terrestriality assigned to extant taxa for the CVA was based off of
behavioral data (see supplementary materials Figure 2.26).
2D data
Although a BM model is used in the majority of phylogenetic methods due to its straight-
forward mathematical basis, it is problematic in scenarios where selection is acting on a particular
trait over time and results in successive branches being correlated, or in those instances when evo-
lution towards a particular regime results in convergence, or homoplasy, among different lineages
(Felstenstein, 1985). Both of these scenarios are possible, and even likely, when considering lo-
comotion in primates. Therefore, in order to accurately model and account for adaptation in this
comparative sample, a variation of the Brownian motion process, the Ornstein-Uhlenbeck (OU)
model, approach was also used to fit models. OU models consider both stochastic and adaptive
responses to trait evolution rather than relying solely on pure drift models as assumed with a tra-
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ditional BM process (Hansen et al., 2008). The BM model assumes a constant rate of evolution
in which trait variance increases as a linear function of time (Felstenstein, 1973), while OU mod-
els are equipped with an additional parameter, α, that measures the strength of the tendency of
certain species/clades to evolve towards theoretical optima. The specific fixed model used in this
study is based off of a constrained evolution model outlined in Hansen and Bartoszek (2012) and
is structured so that a change in the predictor variable (dx) simultaneously generates a change in
the response variable (dy). It can be represented as:
dy = α(y− θ)dt+ bcdx+σdB
dy represents the change in pelvic traits, y, throughout a small time interval dt. Whereas dx is
used to model the stochastic, or white-noise, component with x following a Brownian motion. The
bc parameter scales directly to changes in y according to changes imposed on x, serving as an
allometric constraint. θ serves as the optima trait value that indicates the adaptive peaks species
may evolve in relation to, and it is kept constant in the model to maintain consistency in the
patterning of residual correlations. σ is the rate of adaptation and it quantifies the pull towards
the optimal states, being measured in phylogenetic half-life expressed as t1/2 = ln2/σ. A shorter
half-life in a constrained model signifies that the evolutionary regression is shallower relative to
the bc parameter due to the relationship between variables diminishing as the pull to a central state
is increased. The σ parameter represents the size of random fluctuations, or a measure of the
variance, sustained once a stochastic equilibrium is attained.
In this study, fitness optima typical of particular predefined locomotor regimes (Table 2.1) are
used to test a series of hypotheses about the adaptive traits under selection in extant and fossil
primates in the sample (Hansen, 1997; Hansen et al., 2008). These primary fitness optima are
constructed by taking an average of the instances of phenotypic convergence in traits across tax-
onomic samples that have been evolving independently within these established regimes for an
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extended amount of time (Hansen, 1997). This gives useful information about the rate and extent
of evolutionary change in the trait(s) of interest and allows direct testing of specific hypotheses via
maximum likelihood techniques, in this instance, exploring those relevant for inferring locomotor
preference in fossil taxa. Specifically, the ‘SLOUCH’ 1.3 package in R (R Development Core
Team, 2015) was used to test the adaptive significance of these traits while simultaneously control-
ling for size via a fixed model approach, to assess overall fit to the optimality model predictions.
Two additional modeling optimization approaches performed via the ‘bayou’ and ‘SURFACE’
packages in R were used to test the data without a priori assumptions to further evaluate the fit
out the models with the predefined locomotor hypotheses, the former providing posterior probabil-
ities for detectable shifts across the phylogeny via a Bayesian approach and the latter identifying
instances of convergence across the sample through fitting by AIC algorithms. To summarize pos-
terior distributions for shift configurations, a shift was detected if the probability of a shift on that
branch was .1 or higher.
For the 2D data the phylogenetic comparative models were based on 13 pelvic measures derived
from several interlandmark distances (see supplementary data for complete list of interlandmark
distances Figure 2.25; Appendix F) that were included in a phylogenetic PCA (pPCA). The most
influential linear measures, as inferred by their PC loadings, were selected for inclusion in the mod-
els. A total of 6 linear measures (Table 2.3; Figure 2.2a) were then used in the phylogenetic models
since they accounted for most of the observed variation and including all of them would result in
redundancy that could complicate and/or bias subsequent interpretations. Acetabular height was
used as a body size proxy for the sample via introducing it as a predictor variable in the ‘bayou’
package thereby accounting for allometric effects imposed by body size. The regimes were mapped
on to the phylogeny using the ‘ape’ package, via a maximum likelihood ancestral state reconstruc-
tion approach (Figure 2.3). The ‘bayou’ and ‘SLOUCH’ packages were used collectively to fit the
OU models and optimize the parameters to inform the pattern of evolution observed across the 2D
pelvic trait data.
48
CHAPTER 2. EXTERNAL INNOMINATE MORPHOLOGY
Table 2.2: 3D GM Landmark Definitions
 
No. Landmark Description Type 
1 Superior-most aspect of the medial iliac spine II 
2 Superior-most point on iliac crest between Landmarks 1 & 3 III 
3 Posterior superior iliac spine (PSIS) taken on lateral aspect of iliac spine II 
4 The lateral-most point on ilium where the cross-section is smallest II 
5 Superior-most border of acetabulum rim II 
6 Lateral-most border of acetabulum rim II 
7 Inferior acetabulum perpendicular to Landmark 5 III 
8 Medial acetabulum adjacent to Landmark 6 III 
9 Deepest point of acetabulum taken between Landmarks 6 & 8 II 
10 Ischium at the most posterior aspect of the ischial tuberosity II 
11 Most anterior/inferior point of ischial tuberosity  II 
12 Most inferiorly projecting aspect of the anterior ischium (the furthest point from Landmark 2) III 
13 Superior aspect of pubic symphysis   II 
14 Inferior aspect of pubic symphysis  II 
15 Bony roughening/ protuberance marking the m. pectineus insertion site II 
16 Medial ilium where cross-section of ilium is the smallest (across from Landmark 4) II 
17 Most lateral aspect of sciatic notch, located between Landmarks 16 & 18 II 
18 Most superior aspect of sciatic notch (also most inferior point of sacral articulation) II 
19 Superior aspect of auricular surface (where ala of lateral sacrum articulates) II 
20 Inferior aspect of auricular surface (where ala of lateral sacrum articulates) II 
21 Most superior point of obturator foramen  II 
22 Most lateral point of obturator foramen II 
23 Most inferior point of obturator foramen (perpendicular to Landmark 21) III 
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Table 2.3: The 6 linear measures used for phylogenetic models based on 3D interlandmark dis-
tances.
 
No.  Interlandmark distance Description Landmarks 
1. Pubis length Acetabulum to most superior aspect of pubic symphyseal 
face 
9 to 14 
2. Lower ilium height Center of acetabulum to most caudal point on auricular 
surface 
9 to 18 
3. Approximate lever arm of ischium Center of acetabulum to most posteriorly projecting point 
of superior border of the ischium  
9 to 10 
4. Max width of iliac blade PSIS to ASIS 1 to 3 
5.  Upper ilium height Inferioromedial margin of auricular surface to most 
superomedial aspect of iliac crest  
1 to 18 
6.  Retro auricular height Most superior point of medial aspect of posterior iliac crest 
to the most laterally projecting point of auricular surface 





























































































































(a) (b) pPCA (PC1) 
Figure 2.2: (a) 3D digitized landmarks used in the study are represented by numbers and black dots
(n=24) while interlandmark distances are pictured in red (n=6) (b) phylogeny based on pPCA1
conducted on the 6 linear measures used in the 2D component of the study showing the variation
of this measure throughout time
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Figure 2.3: (a) Predefined locomotor categories modified from Russo (2013) which were originally
constructed from modes and postures described in the literature (i.e., Schmitt, 2010; Fleagle, 1976;
Rodman, 1979; Tuttle & Watts, 1985; Cant, 1987; Meldrum, 1998; Doran, 1989; Hunt, 1989,
1991; Sueur et al., 2011) transposed on to the phylogeny via maximum likelihood ancestral state
reconstruction (ASR). PQ= pronograde quadruped; OMS= orthograde-adapted manual suspensor;
OQ= orthograde quadruped; OB=orthograde biped; OVCL= orthograde-adapted vertical clinger
and leaper.
51
CHAPTER 2. EXTERNAL INNOMINATE MORPHOLOGY
2.5 Results
2.5.1 3D GM
The PCA performed on the three dimensional dataset shows slight separation at broad taxonomic
levels (i.e. hominoids, cercopithecoids, platyrrhines and strepsirrhines) though there is consider-
able overlap among species, especially those engaging in shared locomotor behaviors (i.e., arbo-
real quadrupedalism and suspensory taxa) (Figure 2.4). On PC1 versus PC2 humans are distinct
from all other taxa as a result of their drastically shortened ilia and its unique orientation, with an
increased degree of torsion that results in lateral flaring of the ilia that give the pelvis its charac-
teristic bowl shape. Australopithecus and Ardipithecus ramidus also occupy a unique part of the
morphospace in comparison to the extant taxa (Figure 2.4). Specifically, Ar. ramidus is positioned
most closely to the African apes Pongo and Gorilla, and well outside of the range for modern
humans, along the PC1 axis. Ar. ramidus differs from the catarrhine groups with its broader iliac
crest, which extends more anteroposteriorly. Compared to Ar. ramidus, Au. africanus and Au.
afarensis possess more mediolateral flaring on the iliac crests and a lengthened iliopubic ramus
that reduces the surface area of the symphyseal face, in addition to an enlarged acetabulum that is
more laterally directed and positioned in a vertical orientation over the ischial region. The ischium
itself is more posteriorly positioned in the hominins, a feature that has been the motivation behind
functional interpretations based on the hamstring moment arms and climbing/bipedal capabilities
(Kozma et al., 2018). PC1 is influenced, in part, by size, and the estimated body size of Ar. ramidus
at 50kg is consistent with its relative positioning to other taxa along this axis. The strong allo-
metric trend observed among hominoids may thus account for the shape affinities observed in Ar.
ramidus along PC1 (Figure 2.6).
In terms of shape differences, Ar. ramidus is distinguishable from the extant ape taxa by the
reorientation of its iliac blade into the sagittal plane, the expansion and posterior repositioning of
the ischium that serves to increase the slightly larger acetabulum and its broader pubic symphysis.
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Ekembo nyanzae remains distinct from Ar. ramidus, and instead falls between arboreal platyrrhine
species and several cercopithecoids, confirming its more generalized pelvis. Morphologically, Ar.
ramidus remains distinct from the included ape and monkey taxa in PC1 versus PC2, namely
because of its shortened pubis and mediolaterally broad ilium.
PC3 is useful for interpreting functional aspects of pelvic shape as it separates taxa by their
broad locomotor modes. Ar. ramidus places among the African apes, again distinct from humans,
due to its posteriorly projected ischium and the overall robusticity of the ischial-pubic region,
features lacking in the more gracile arboreal taxa occupying the negative end of the PC3 axis
(Figure 2.5). E. nyanzae again occupies a position between various catarrhines and platyrrhines,
which include a combination of suspensory, large-bodied hylobatids and Ateles and the terrestrial
species, Macaca. PC3 also groups Au. afarensis with the human sample, while Au. africanus is
positioned between the Gorilla and human sample overlapping with the morphospace of the Pongo
specimens. An analysis of hominoids only (see supplementary materials Figure 2.22, 2.23 and
2.24) reveals negative PC scores along PC2 (17.4%) that coincide with the degree of postulated
terrestrial bipedalism alleged for each hominin. In the ape-only analysis, along PC 1 (47.4%),
Ardipithecus is just outside of the range of shape variation seen in Gorilla. Ekembo is situated
between Pan and Pongo on this axis. PC3 (5.2%), shows notable separation of the bonobos from
the rest of Pan and groups them with the hylobatids, and also shows Ardipithecus has unusually low
PC values relative to the rest of the sample. This reiterates that despite its many ape-like affinities,
Ardipithecus is still morphologically unique in many regards. Au. africanus and Au. afarensis are
still within the range of the African apes on PC3.
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Figure 2.4: Non-phylogenetic principal component analysis PC1 v. PC2 with TPS grids
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Figure 2.5: Non-phylogenetic principal component analysis PC1 v. PC3 with TPS grids
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Figure 2.6: Regression: PC1-3 v. Centroid Size. OWM=old world monkeys, NWM=new world
monkeys.
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Discriminant Function Analysis (DFA) reliably classifies these broad taxonomic groups with
high cross-validation support (p<.0001)(see table with group comparisons and Mahalanobis dis-
tances)(Table 2.4). There is also a significant relationship between size and shape on PC 1 (R2=.62)
and this can be attributed to allometric trends within the apes (Figure 2.6) as there is very little
relationship between size and shape within the monkeys when examined separately (R2=0.06).
Further, regression slopes across individual species are homogenous (ANOVA p>0.06).









Cercopithecoid-Hominoid 0.18 9.93 .996% <0.001
Cercopithecoid-Platyrrhine 0.12 8.48 .993% <0.001
Cercopithecoid-Strepsirrhine 0.14 12.50 .994% <0.001
Hominoid-Platyrrhine 0.17 10.15 100% <0.001
Hominoid-Strepsirrhine 0.21 14.61 100% <0.001
Platyrrhine-Strepsirrhine 0.16 17.03 100% <0.001
There is a detectable phylogenetic influence as indicated by a significant p-value, though
the low K-statistic implies that the pattern is not consistent with a Brownian Motion pattern
[Kmult=.293; p<0.001; permutations=1000] (Figure 2.7). When grouped by broader taxonomic
levels and tested via Procrustes ANOVA, there are statistically supported shape differences in males
vs. females (df = 585, F=26.91, p<.001) and this is not attributed explicitly to size (df = 9, F=1.40,
p-value=.1862). A canonical variate analysis (CVA) separates the data into three distinguishable
groups when classified by their propensity to utilize arboreal, terrestrial or a combination of both
(Figure 2.8; Figure 2.26). DFA performed on arboreal versus terrestrial taxa show significant dif-
ferences in procrustes distances (p<0.001) that demonstrate robust classification accuracy when
leave-one-out cross-validation is performed (.98%).
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Figure 2.7: Results of K-statistic based on a BM model of trait evolution performed on 3D GM
pelvic data revealing a statistically significant result indicating a phylogenetic influence that is not
attributed to a BM mode of trait evolution.
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Figure 2.8: Canonical variate analysis (CV1 v. CV2) by habitat for entire extant sample. Performed
on Procrustes coordinates calculated from 3D data.
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When the first ten PC scores from the entire sample are converted into a distance matrix for
cluster analysis using multivariate Euclidean distance, a dendrogram that accurately recovers many
of the major groups (e.g., strepsirrhines, hylobatids, platyrrhines to the exclusion of Cebus) is pro-
duced (Figure 2.9). In such analyses, Ardipithecus groups with the African apes, namely with
Gorilla and is excluded from a hominin clade encompassing the Au. africanus, Au. afarensis
and Homo (Figure 2.10). Therefore, cluster analyses constructed from both PC scores (Figure
2.9-2.10) and the Procrustes distances (Figure 2.11) recover several of the major groups success-
fully with high bootstrap value support. The specific type of cluster analysis performed calculates
multiple p-values, the AU and BP values, where the former is derived from multiscale resampling
methods and stands for the "approximately unbiased" value while the latter is obtained by tradi-
tional boot strap resampling methods. Ardipithecus is grouped as a sister taxon to Homo along
with Au. afarensis andAu.africanus, with high bootstrap support in the analysis including all PC
scores (boostrap value=97). Ekembo clusters with Theropithecus in these analyses, a highly ter-
restrial catarrhine taxon that may seem contradictory given the interpretations of Ekembo as an
above-branch, arboreal species. This grouping is consistent even when the analyses which utilize
a reduced dataset that accounts for the reconstructed landmarks. Further, this unusual grouping
is always nested within a broader group that consists of various lemur species thereby suggesting
that a functional signal is shaping the dendrogram, one potentially reflective of body size and/or
the use of orthogrady coupled with hind limb dominated forms of locomotion.
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Figure 2.9: A cluster analysis performed on all of the individual PC scores obtained from the 3D













































































































































































Figure 2.10: A cluster analysis performed on PC1-10 from the PCA analysis performed on 3D
GM data. Without all of the PC data Ardipithecus groups more closely with African apes, sug-
gesting that important variance is dispersed over higher PCs, including that which result in more
similarities with hominins.
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Figure 2.11: Cluster analysis on Procrustes coordinates for the entire sample with bootstrap sup-
port. Red outline denotes AU value larger than 95%
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2.5.2 Phylogenetic ComparativeMethods
3D data
In the 3D dataset there is a detectable phylogenetic influence as indicated by a statistically
significant p-value of the modified K-statistic, though the low value suggests that BM is not
an appropriate model assumption [Kmult=.293; p<0.001; permutations=1000] (see Figure 2.11).
Specifically, pelvic trait evolution departs from a pure BM model indicating that there is possible
convergence driving the trait variation in the sample. When a phylogenetic PCA, pCPA, is con-
ducted on the 3D data assuming a BM mode of trait (Figure 2.12-2.15) evolution with a subsequent
MANOVA analyses performed on the pPC scores using Eta-squared, a measure of partial associa-
tion for linear models able to identify the individual contributions of terms in a multivariate linear
model, the predefined locomotor categories account for 52% of the variation across pPC1-pPC6
(p-value<0.005).
The pPCA that used an estimated λ scaling parameter was also conducted for comparison
(λ =6.610696e-05) (Figure 2.13-2.14). The assigned locomotor categories explained a slightly
higher extent of variation (59%) relative to the strict BM pPCA (MANOVA, p-value<0.005). The
explained variance in both models are comparable, though slightly higher in the lambda-based
models, but the phylomorphospace projections show very different patterns between plots that
show the influence on the lambda tranformation on the coordinate data. Prior to altering the con-
variance structure via λ , Ardipithecus occupies a unique morphospace that is quite extreme along
pPC1 and isolated from the other hominins in the sample, as they present with positive values
along this axis. The hominins, like Ardipithecus, are dominating the variation in the sample due to
their novel pelvic configurations, namely the extent of iliac flaring and of the torsional differences
responsible for the reorientation of the iliac blade. pPC1 versus pPC3 also positions Ardipithe-
cus in a unique morphospace intimating that the unusual mosaicism encountered in its pelvis, and
its large body size, make it difficult to reconcile the human-like ilium with the elongated African
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ape-like ischium. Though, values for pPCs 2 and 3 are similar for Ardipithecus and the various
hominins (Figure 2.16).
For the lambda analyses there is interesting convergence with the strepsirrhine, Propithecus, in
pPC1 versus pPC2. Propithecus retains a relatively primitive pelvis but has exceptional flaring of
the iliac blade relative to other lemuriforms perhaps explaining its similar placement with humans
and Ardiptihecus along pPC2. Functionally, it utilizes an orthograde posture and exhibits a diverse
locomotor repertoire that included bouts of bipedalism, vertical clinging and leaping combined
with a substantial degree of climbing behaviors. For pPC1 and pPC2 Ardipithecus has comparable
values to the hominins in the sample, while pPC3’s trait values are more similar to the African
apes. Again, the combination of primitive and derived traits, coupled with Ardipithecus’s larger
body size, place it either between the various ape species or occupying a morphospace all its own.
This is finding shared among all of the 3D analyses, regardless of model assumptions or landmark
datasets. What is also evident across the various pPCA analyses is that ape pelvic morphology
is vastly different when compared to the rest of the extant sample and thus signifies a drastic
transformation occured over a relatively brief time scale.
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Figure 2.12: pPCA results showing pPC 1 versus pPC 2 using a strict BM model of phylogenetic
correction, performed on complete landmark dataset with meshes warped to reflect morphology
representative of the axes extremes. Explained variance for the first ten PCs are shown.
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Phylogenetic PCA (BM) 
Figure 2.13: pPCA results showing pPC1 versus pPC3 using a strict BM model of phylogenetic
correction, and performed on complete landmark dataset with meshes warped to reflect morphol-
ogy representative of the axes extremes. Explained variance for the first ten PCs are shown.
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Figure 2.14: pPCA results showing pPC1 versus pPC2 using lambda scaling parameter performed
on reduced landmark dataset with meshes warped to reflect morphology representative of the axes
extremes. Explained variance for the first ten PCs are shown.
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Figure 2.15: pPCA results showing pPC1 versus pPC3 using lambda scaling parameter and per-
formed on reduced landmark dataset with meshes warped to reflect morphology representative of
the axes extremes. Explained variance for the first ten PCs are shown.
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Figure 2.16: Phylogenetic contour plots showing the individual PC trait values for the BM vs.
lambda models mapped on to the phylogeny.
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2D data
Phylogenetic models were performed to evaluate a series of locomotor hypotheses using dif-
ferent models of trait evolution. Specifically, these hypotheses test pelvic trait morphology under
the BM model of trait evolution assuming that diversity between species increases through time,
and with OU models, that consider convergence/selection relating to adaptive peaks representing
different locomotor regimes or predefined locomotor "optima". The various models testing these
specific locomotor hypotheses used pPC1 and pPC2 from a phylogenetic PCA analysis reduced
to the most influential 6 linear measures postulated to have functional significance based on their
individual loading contributions in a pPCA. Only pPC1 will be the focus of this study as it offers
more explained variance (81%) while pPC2 accounts for much less (12%). The following are the
specific locomotor hypotheses relevant to fossil taxa tested in this study (Figure 2.17):
Scenario 1: The ancestor preceding hominoids was a pronograde quadruped. Therefore, early
hominins like Ardipithecus more likely evolved from a Miocene ape taxon that was quadrupedal
and equipped with a pronograde body plan as posited by Lovejoy et al. (2009).
Scenario 2: The ancestor to all great apes was an orthograde manual suspensor. The orthograde
adaptations shared with extant hominoids were already in place in several Miocene ape taxa be-
cause they reflect an ancestral condition that implies vertical climbing and clambering behaviors
executed in arboreal contexts where important features of the ancestral ape locomotor repertoire.
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H1 H2 Scenario 1 Scenario 2 
Figure 2.17: Phylogenetic trees representing the taxa included in the study with proposed locomo-
tor hypotheses mapped onto the branches to show specific hypotheses tested by the two different
OU models tested in the study. PQ= pronograde quadruped; OMS= orthograde manual suspensor;
OQ= orthograde quadruped; OB=obligate biped; OVCL= orthograde vertical clinger and leaper.
Phylogenetic Comparative Method Results
The observed pelvic traits are best explained under a model evolving via an OU process of trait
evolution, with detectable phylogenetic influences that can be inferred via the lambda value (λ =
0.76) and the length of phylogenetic half-lives of the models relative to the total phylogeny length
( t1/2 =38.76 -8.85 my) . Of the models included in the study, the better fit of the various OU
models, a finding that this is corroborated by Bayesian reversible-jump fitting methods, supports
the presence of convergence and stabilizing selection in the sample related to locomotion. The rate
of the trait evolution in the selected traits is relatively fast given the length of the entire phylogeny
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(73 Ma) as evidenced by the t1/2 of 8.85 mya for the best-supported model. This t1/2 param-
eter being the estimated time it takes for a lineage to evolve half way towards an optima, or λ.
Therefore, results indicate that the pelvis evidences a remarkable degree of adaptive flexibility in
terms of its ability to quickly diverge from the ancestral condition with minimal phylogenetic lag
and evolve towards different optima, a finding that substantiates previous studies suggesting low
integration and consequently, high diversity in the adaptability of this particular region in primates
(Grabowski, 2012; Grabowski et al., 2011; Lewton, 2011).
The overall fit for each model is summarized in Table. 2.21 .The best-fitting model is the
(OU7) model which outperforms all other models as inferred by its lower Akaike Information
Criterion (AICc) score (AICc=513). The model itself explains 86% of the variance when the
predefined locomotor modes are used with acetabulum height (AH) as a predictor variable, the
latter meant to serve as a way to control for body size. Those models that include AH consistently
produce lower AICc scores thereby confirming that size is a meaningful constraint guiding the
critical morphological shifts in several pelvic traits over time. Additionally, the (OU7) model
supports the hypothesis that the hominoid ancestor was likely a pronograde quadruped (Scenario
1). In which case, the recent interpretations of Sivapithecus as a pronograde quadruped, despite
its proposed affinities to extant apes (Pongo), could be interpreted as further evidence that the
last common ape ancestor did not utilize the substantial amounts of orthogrady that have been
prominently featured in discussion of the transition to bipedalism in later hominins. Additionally,
this would explain the unexpected morphology and interpretations introduced by Ar. ramidus at 4.4
mya. However, the future inclusion of more fossil taxa, especially those which utilize orthograde
manual suspension are necessary to enhance model performance by introducing more variability
not currently represented in the current sample. The inability to account for the mosaicism in the
existing models poses a risk of having the fossil sample drive some of the models and therefore
subsequent analyses are necessary to mitigate these issues and explore how the fossils drive some
of the trends rendered by the analyses. Further, the detected shifts revealed by the bayesian analysis
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must be explored to better understand the effects of introducing fossil representatives into the
phylogeny and is consequently also an objective sought for the furture extension of this work.
The worst performing OU model was (OU4), the ML ancestral state reconstruction based on
the preassigned locomotor categorized (AICc=597.00), though it still fares slightly better than the
BM model (AICc=611.00). The ‘bayou’ analyses elucidates some of the possible size contribu-
tions influencing pPC1 (Figure 2.18a & 2.18b). Without a predictor variable, the data on pPC1
recovers shifts prior to Ekembo, Ardipithecus, the hylobatids, Gorilla and the papionins (Figure
18a). When AH is used as a predictor variable, the analysis identifies 2 well-supported regime
shifts, in both slope and intercept, occurring before Ekembo (posterior probability of 110) and
the other at the origins of hominins (posterior probability of .86), including Ardipithecus (Figure
2.18b). These latter transition points denote a change in the relationship between both size relative
to the acetabulum height, and between the variation of the pelvic traits subsumed on PC1 relative
to the acetabulum. This has potential implications for how bipedalism evolved in hominins, as the
shifts detected in the OU7 model suggests important size-driven trends affected overall pelvic mor-
phology and was possibly in place with early hominins like Ardipithecus rather than later bipeds
like early Homo (Grabowski et al., 2015, 2018). When size-adjusted pPC1 and pPC2 are evaluated
for fit using ‘SURFACE’, the best model fit (AICc =867) identifies 11 shifts along the branches
that recover 8 distinct optima, 3 shifts towards convergent regimes and a total of 5 nonconvergent
ones (Figure 2.20). In general, many of the study’s predefined locomotor modes are recovered,
including those within the hominins, hylobatids and many of the new world, arboreal monkeys.
Shifts that differ from the a priori classification, however, include those noted for Pongo, Gorilla,
Chlorocebus and some of the terrestrial old world monkeys. The convergence is detected for the
strepsirrhines Propithecus and Indri, Pan and the hylobatids. Again, the shift before Ekembo, rep-
resenting the transition from a monkey-like configuration to an ape-like one, and the hominins,
likely denoting the onset of bipedal locomotion, is evident as are several other identified regimes
that correspond to known arboreal versus terrestrial modes of locomotion. Collectively these find-
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ings confirm the presence of convergent evolution related to locomotor behavior, albeit influenced
to varying extents by both phylogeny and size. However, the current classification system is seem-
ingly not varied enough to recognize the diversity represented in the data revealing the limitations
of the predefined locomotor modes used in the study.
75
CHAPTER 2. EXTERNAL INNOMINATE MORPHOLOGY
Table 2.6: ‘SURFACE’ results for various phylogenetic models evaluated in the study
Phylogenetic effects in pelvic trait data for PC1 and locomotor regimes optimas using constrained model 
PC1 Models t1/2 s2 R2 Intercept ±SE 
Evolutionary Regression 
logL AICc 
PC1~1 38.76 208.14 0.00 -4.94 ± 28.05 -302.00 611.00 
 (BM)  166.35 0.00 -1.26 ± 55.60 -303.00 606.00 
(OU1) Acetabulum height (AH) 8.05 157.17 0.69 84.82  ± 11.05 
 
-271.00 551.00 
(OU2) Habitat  
(arboreal, terrestrial, mixed) 
37.06 194.83 0.06 arboreal: 10.24   ± 28.68 
mixed: 53.21  ± 206.21 
terrestrial: -154.87  ± 85.19 
 
-300.00 607.00 
(OU3) Habitat+AH 7.58 162.62 0.69 arboreal : 85.37 ± 10.96 
mixed: 89.75 ±  36.33 
terrestrial: 95.66 ±   20.70 
-271.00 557.00 





(OU4)Locomotion ASR 11.86 210.72 0.41 OB : 91.66 ± 114.84 
OMS : -43.18  ±  29.04 
OQ: -317.02  ±  52.72 
OVCL : 0.56  ±  32.04 
PQ: 5.34   ±  13.19 
 
-291.00 592.00 
(OU5)Locomotion ASR+AH 3.44 156.74 0.89 OB: 227.01  ±  31.20 
OMS: 64.02  ±  10.59 
OQ: 33.24   ± 24.27 
OVCL: 65.35  ±  11.41 
PQ : 95.22 ±   8.91 
 
-252.00 522.00 
(OU6) PQ ancestor for Ardi:H1 17.84 139.68 0.49 OB: -1.12  ±  3.38 
OMS: -4.37  ±  1.80 
OQ: -0.20  ±  3.38 
OVCL: 7.61  ±  3.38 
PQ: -4.94 ±  1.19 
 
-285.00 586.00 
(OU7) PQ ancestor for Ardi +AH: H1 8.85 64.92 0.86 OB: 165.61 ±  67.87 
OMS: 41.11 ± 14.12 
OQ: -144.32 ±  38.45 
OVCL: 50.33  ± 14.04 
PQ: 84.31  ±  9.09 
-247.00 513.00 
(OU8) OMS ancestor for Ardi:H2 16.75 143.64 0.49 OB: -235.23  ±  178.88 
OMS: -2.19 ±  33.92 
OQ: -643.76  ±  88.055 
OVCL: -4.65  ±  38.50 
PQ: 9.022  ±  14.82 
 
-285.00 579.00 
(OU9) PQ ancestor for Ardi +AH:H2 9.3589 69.79 0.84 OB: 181.97  ± 74.38 
OMS: 55.51 ±  15.26 
OQ: -153.03 ±  41.87 
OVCL: 48.68 ±  15.27 
PQ: 79.30  ±  9.49 
-252.00 523.00 
t½=phylogenetic half-life represented in millions of years;  s2= diffusion variance; ASR: Ancestral state reconstruction based on maximum likelihood methods.   
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Bayou non-size adjusted PC1~Shifts - 2 Chains, 1 Mil Generations, pp 0.3
(a) 
Figure 2.18: ‘bayou’ analysis results showing data-driven shifts for pPC1 with recovered shifts
and their respective associated posterior probabilities (a) and pPC1 with same shifts in addition to
acetabulum height as a predictor variable (b). Note that (b) recovers shifts that signify a change
in the relationship between measure of the pelvis and the height of the acetabulum before Ekembo
and all hominins. The size of circle represents the extent of support, with larger circles having
higher posterior probabilities.
77
CHAPTER 2. EXTERNAL INNOMINATE MORPHOLOGY
 
(means)  PC1 (15000k gen) PC1~AH  (1e+06 gen) PC1~AH  (2e+06 gen) 
logL -267.7 -282 -214.51 
Prior -122.1 -63.1 -53.8 
a 0.366 .0086 0.057 
s2 439.4 95.5 16.656 
K 10.8 10.1 3.51 
Nq 11.8 11.1 4.519 
q0 4.5 .04 12.5 
qall -50.4 .02 0.469 
s2= magnitude of uncorrelated diffusion; a=rate of evolution, K=number of optima shifts; Nq= number 
of phenotypic optima; q0= predicted logged mass at tree root; qall= value representing all optima 
 
Figure 2.19: ‘bayou’ analysis summary statistics for pPC1
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(a) (b) 
Figure 2.20: (a)‘SURFACE’ results for size-adjusted pPC1-pPC2 showing shifts mapped unto
branches of the phylogeny and (b) the trait values of species (small circles) and the defined loco-
motor optima (large circles) colors correspond to image (a).
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2.6 Conclusions
The results of this study provide a detailed account of primate pelvis evolution through analyses
that elucidate the nature and extent of adaptation driving the morphology observed in a sizable
sample of extant primate taxa and select hominin fossil taxa. This study is the first to evaluate
primate pelvic traits and the independent influence of size, phylogeny and selection by utilizing
a variety of comparative modeling approaches and by integrating both 3D and 2D trait data. The
3D morphometric techniques, used to specifically evaluate the unique morphology of the of Ar.
ramidus reconstruction, reveal that many factors are influencing the pelvis and to varying degrees
depending on the clade. Broadly speaking, Ar. ramidus appears to be intermediate between Homo
sapiens and a broad range of extant anthropoids across several of the 3D-based analyses both with
and without phylogenetic corrections to the data (Figure 2.4; Figure 2.14). This finding is con-
sistent with the initial morphological description and interpretation as a basal hominin (Lovejoy,
Suwa, Spurlock, et al., 2009; White et al., 2015). Also in concordance with the Lovejoy et al.
(2009) interpretation, the ischial region does show several ape-like affinities that most closely re-
semble Gorilla in several of the analyses performed in this study (Figure 2.5; Figure 2.15 ). The
similarities are driven mainly by the orientation of the pubis and the reduced ischial tuberosity,
which is more gracile in comparison to many of the large-bodied catarrhines. The presence of
ischial callosities in the catarrhine taxa, in addition to, the previously discussed allometric effects
operating within the ape clade likey account for these noted morphological differences.
Despite previous claims that Ar. ramidus shared a similar locomotor repertoire similar to the
stem hominoid Ekembo, its os coxa remains morphologically distinct from that of Ekembo nyan-
zae across all analyses, as E. nyanzae occupies a morphospace that situated between a variety
of suspensory primates, including several hylobatids and Alouatta. Alouatta is a highly special-
ized arboreal taxa that behavioral data suggests participates in a locomotor repertoire that includes
substantial arboreal quadrupedalism (47%), climbing (37%) and bridging (10%) behaviors (Gebo,
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1992). Though in cluster analyses Ekembo consistently groups with Theropithecus, a highly terres-
trial quadrupedal species, this similarity could be convergence relating to the fact both are larger-
bodied, pronograde quadrupeds given the overlap in morphology across the different locomotor
modes. Yet, in many respects, Ar. ramidus is distinct from a diverse representation of above-
branch anthropoid quadrupeds included in this study. This finding reiterates some of the concerns
that Ar. ramidus may have been too large to utilize an above-branch palmigrade form of loco-
motion, especially since the postcrania lacks any evidence of anteflexion of the olecranon on the
proximal ulnae, a feature used in arboreal anthropoid taxa to improve stability (Lovejoy et al.,
2009). Some researchers have suggested that Ardipithecus was an orthograde clamberer that used
hand-compressive climbing techniques that aided in arboreal behaviors like those exemplified by
extant Pongo (Crompton et al., 2010), a hypotheses not implausible based on the shared morpho-
logical affinities noted with Pongo in some of the 3D morphometric analyses (Figure 2.5).
The use of both 3D data and 2D linear measures also demonstrates that both forms of data
can reliably recover a functional and phylogenetic signal thereby reinforcing the robusticity and
the importance of this particular anatomical region to studies of locomotion. Consequently, these
findings support H1 and H2 and confirm a discernible functional signal relating to locomotor mode
and a phylogenetic influence, though the former is only supported via functional convergence for
certain groups (quadrupeds, suspensory taxa and some of the larger VCL taxa). Interestingly, the
convergence seems to be partially related to orthogrady which provides support for H5, though it
is difficult to definitively isolate the attributes thereby keeping these similarities speculative. The
use of a phylogenetic modeling approach that explicitly accounts for an evolutionary process with
selection has revealed that assuming a BM model of trait evolution for the pelvis is not appropriate
and therefore the OU models perfom better thereby confirming H3. This finding reiterates the need
to utilize modeling optimization methods that account for the presence of phylogenetic lag when
studying functional morphology in the record, especially with added complexity of evaluating
potential basal hominins like Ardipithecus given their intermediate morphology and the growing
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evidence that homoplasy is a common occurrence within apes.
When considered collectively, the results of this study reiterate that the mosaicism of the Arid-
pithecus pelvis reconstruction does not easily lend itself to comparisons with extant analogs. As
such, H4 is rejected on the basis that Ardipithecus does not resemble Pan or Ekembo but rather,
shares more morphological similarities with Gorilla and Pongo and/or the included Australopithe-
cus specimens. This is the case regardless of the various size and phylogenetic transformations
used in the study. However, what can be gleaned from these various analyses, is that the recon-
structed pelvis of Ardipithecus displays several morphologies that indicate its the transition to ter-
restrial bipedalism likely arose from an African ape-like body plan (but see O’ Neill et al., 2018)
that slowly integrated essential adaptations for bipedalism over time. And this transition, rather
than being guided by morphology required solely to perform a specific locomotor function, was
also affected by body size increases in hominoids and the possible integration of more orthogrady
that accompanied those shifts. Specifically, Ardipithecus reveals that the initial reconfiguration
of the pelvis necessary for bipedalism involved substantial reorientation of ilium as the retention
of a primitive ischium was recently found to permit adequate hip extension required for bipedal
gait without hindering climbing capabilities in Ardipithecus (Kozma et al., 2018). And, again, this
expansion in the ilium may also be partially attributed to increased use of orthograde posture, as
evidenced by the convergence noted in this study between Pan and other suspensory/ VCL taxa,
again lending additional credence to H3. However, the results of the phylogenetic modeling as-
pect of this study support a quadrupedal, pronograde ancestor to all hominoids thus confirming
the prediction posed for H6. This finding may change with the integration of more Miocene ape
taxa, especially those postulated to engage in suspensory behaviors that use orthograde postures as
the preference for a pronograde ancestor may be driven by Ekembo’s inclusion. It is also difficult
to rule out the possibility that early apes had novel locomotor behaviors or displayed exceptional
diveristy that makes attempts to limit them to a particular locomotor mode challenging. Therefore,
such attempts should be interpreted with caution.
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The functional significance of skeletal pelvic traits should therefore be interpreted with cau-
tion, especially in light of recent experimental work that shows the functional overlap between
non-human apes and monkeys during bipedal locomotion despite their vastly different hip mor-
phology. Further, the general overlap in extant locomotion repertoires makes it difficult to ac-
curately characterizes extant primates using the current classification systems and consequently,
work on refining them via including more Miocene ape taxa is necessary to aid in understanding
the mosaic evolution of the primate pelvis.
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Figure 2.21: Wireframes changes relative to PC axes for the entire sample for the non-phylogenetic
PCA conducted with 3D coordinate data.
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Figure 2.22: Ape only analysis PC1 v. PC2 (no phylogenetic correction)
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Figure 2.23: Ape only analysis PC1 v. PC3 (no phylogenetic correction)
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Figure 2.24: Wireframes changes relative to the first 5 PC axes for the ape-only sample without
phylogenetic correction.
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DFA between habitat types (arboreal, terrestrial and both) for entire sample based on 3D data.  
Discriminant Function Analysis 
Comparison: Arboreal vs. Semi 
 
Procrustes distance: 0.0959 
Mahalanobis distance: 4.1211 
T-square:  572.9698 
 
P-value (parametric): <.0001 




Procrustes distance: <.0001 
T-square: <.0001 
 
Classification/misclassification tables:  
Group 1: Arboreal  
Group 2: Semi  
DFA: 












































    
 
Discriminant Function Analysis 
Comparison: Arboreal vs. Terrestrial  
 
Procrustes distance: 0.13792751 
Mahalanobis distance: 4.4611 
T-square: 1786.0485 P-value (parametric): <.0001 




Procrustes distance: <.0001 
T-square: <.0001 
 
Classification/misclassification tables:  
Group 1: Arboreal  
Group 2: Terrestrial   
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DFA: 












































    
 
Discriminant Function Analysis 
Comparison: Terrestrial vs. Semi 
 
Procrustes distance: 0.19235816 
Mahalanobis distance: 5.5900 
T-square: 953.1615 P-value (parametric): <.0001 




Procrustes distance: <.0001 
T-square: <.0001 
 
Classification/misclassification tables:  
Group 1: Semi  
Group 2: Terrestrial  
DFA: 















































Table: DFA results for groups in entire sample based on 3D data. 
 
Discriminant Function Analysis 
Comparison: Cercopithecoids-Hominoids 
 
Procrustes distance: 0.18339445 
 
Mahalanobis distance: 9.7226 
T-square: 953.1615 P-value (parametric): <.0001 




Procrustes distance: <.0001 
T-square: <.0001 
 
Classification/misclassification tables:  
Group 1: Cercopithecoids  
Group 2: Hominoids  
DFA: 













































Discriminant Function Analysis 
Comparison: Cercopithecoids-Platyrrhines 
 
Procrustes distance: 0.12469055 
Mahalanobis distance: 8.4880 
T-square: 3057.8122 P-value (parametric): <.0001 




Procrustes distance: <.0001 
T-square: <.0001 
 
Classification/misclassification tables:  
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Group 1: Cercopithecoids  
Group 2: Platyrrhines  
DFA: 
















































Discriminant Function Analysis 
Comparison: Cercopithecoids-Strepsirrhines 
 
Procrustes distance: 0.14109238 
Mahalanobis distance: 12.5057 
T-square: 3057.8122 P-value (parametric): <.0001 




Procrustes distance: <.0001 
T-square: <.0001 
 
Classification/misclassification tables:  
Group 1: Cercopithecoids  
Group 2: Strepsirrhines  
DFA: 











































Discriminant Function Analysis 
Comparison: Hominoids-Platyrrhines 
 
Procrustes distance: 0.17190345 
Mahalanobis distance: 9.2313 
T-square: : 4090.4212 P-value (parametric): <.0001 




Procrustes distance: <.0001 
T-square: <.0001 
 
Classification/misclassification tables:  
Group 1: Hominoids  
Group 2: Platyrrhines  
DFA: 












































    
 
Discriminant Function Analysis 
Comparison: Hominoids-Strepsirrhines 
 
Procrustes distance: 0.21665576 
 
Mahalanobis distance: 13.7952 
T-square: : 7429.0730 P-value (parametric): <.0001 
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Procrustes distance: <.0001 
T-square: <.0001 
 
Classification/misclassification tables:  
Group 1: Hominoids  
Group 2: Strepsirrhines  
DFA: 














































Discriminant Function Analysis 
Comparison: Platyrrhines-Strepsirrhines 
 
Procrustes distance: 0.16805704 
Mahalanobis distance: 17.0366 
T-square: : 8054.9273 P-value (parametric): <.0001 




Procrustes distance: <.0001 
T-square: <.0001 
 
Classification/misclassification tables:  
Group 1: Platyrrhines  
Group 2: Strepsirrhines  
DFA: 














































DFA classification tables for males vs. females for sample using 3D data.  
 
Discriminant Function Analysis 
Comparison: Males-Females 
 
Procrustes distance: 0.09591967 
Mahalanobis distance: 4.1211 
T-square: : 572.9698 P-value (parametric): <.0001 




Procrustes distance: <.0001 
T-square: <.0001 
 
Classification/misclassification tables:  
Group 1: Platyrrhines  
Group 2: Strepsirrhines  
DFA: 














































Surface results for both datasets with PCs (smaller shapes) relative to the adaptive regimes 
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Complete list of all linear measures used to run initial pPCA to select the 6 linear measures to be used in OU models 
Measure Description Landmarks 
Lateral iliac breadth Superior-medial aspect of auricular surface to AIIS 
 
19 to 3 
Retroauricular area Most superior-medial border auricular surface to PSIS 
 
1 to 19 
Iliac blade height Center of acetabulum to most superior point of iliac crest 9 to 2 
Pubis length Acetabulum to most superior aspect of pubic symphyseal face 9 to 14 
Pubis to superior ischium Inferior-medial border pubic symphysis to superior-posterior border ischial 
tuberosity 
 
14 to 10 
Approximate lever arm of 
ischium 
Center of acetabulum to most posteriorly projecting point of superior border 
of the ischium  
 
9 to 10 
Ischial spinlLength Center of acetabulum to most projecting aspect of ischial spine 9 to 16 
Max width of Ilium PSIS to ASIS 1 to 3 
Innominate max. height Most superior aspect of ilium to most inferior point of ischium  2 to 12 
Pubic symphysis height Most superior point of pubic symphysis to the most inferior border of pubic 
symphysis 
 
13 to 14 
Sciatic notch width  Apex of ischial spine to PIIS 
 
16 to 18 
Lower iliac height Center of acetabulum to most caudal point on auricular surface 
 
9 to 18 
Acetabulum height 
 
Maximum diameter of acetabulum measured horizontally  
 
6 to 8 
 
Figure 2.25: Complete list of linear measures for pPCA used in 2D data-based OU models. Mea-
sures are based off of interlandmark distances derived from the 3D GM dataset
95
CHAPTER 2. EXTERNAL INNOMINATE MORPHOLOGY
 Taxa % Arboreal % Terrestrial Mode Sources used to assign locomotor modes/degree of arboreality vs. terrestriality
Homo sapiens 0 100 Terrestrial
Alouatta palliata 95 <5 Arboreal Gebo 1992
Alouatta seniculus 95 <5 Arboreal Youlatos 2004, 2015
Ateles belzebuth 95 <5 Arboreal Youlatos 2004, Cant 2003
Ateles fusciceps 95 <5 Arboreal Fleagle 1988, Rowe 1996; Isler 2004
Ateles geoffroyi 98 2 Arboreal Mittermeier 1978
Brachyteles arachnoides 100 0 Arboreal Strier 1987
Cebus apella 94.6 5.4 Arboreal Youlatos 2011
Cebus olivaceus 95.3 4.7 Arboreal Youlatos 2011
Cercopithecus mitis 95.0 5.0 Arboreal Thomas 1991
Chlorocebus aethiops 56.6 43.4 Mixed Dunbar and Dunbar 1974
Cercopithecus albogularis 56.6 43.4 Mixed Dunbar and Dunbar 1974 (Based on C. aethiops) 
Chlorocebus pygerythrus 56.6 43.4 Mixed Dunbar and Dunbar 1974 (Based on C. aethiops) 
Colobus angolensis 95.6 4.4 Arboreal  Rose, 1979 (Based on C. guereza)
Colobus guereza 95.6 4.4 Arboreal Rose 1979
Erythrocebus patas 40.4 59.6 Mixed Nakagawa 1989
Eulemur fulvus albifrons 68 32 Arboreal Gebo 1987; Tilden 1990 (Eulemur rubriventer)
Gorilla berengei 5.25 94.75 Terrestrial Carlson 2005; Smith & Jungers 1997
Gorilla gorilla 8.2 91.9 Terrestrial Carlson 2005; Smith & Jungers 1997; Remis 1995
Hapalemur griseus 71.2 28.8 Arboreal Gebo 1987; Terranova 1996; Eppley & Donati 2009 
Hylobates agilis 88 12 Arboreal Fleagle 1976; Gittins 1983; Cannon and Leighton 1994
Hylobates concolor 88 12 Arboreal Carpenter 1964; Fleagle 1976; Gittins 1983; Cannon and Leighton 1995
Bunopithecus hoolock 88 12 Arboreal Carpenter 1964; Fleagle 1976; Gittins 1983; Cannon and Leighton 1996
Hylobates klossi 88 12 Arboreal Carpenter 1964; Fleagle 1976; Gittins 1983
Hylobates lar 88 12 Arboreal Carpenter 1964; Fleagle 1976; Gittins 1983
Hylobates leucogenys 88 12 Arboreal Carpenter 1964; Fleagle 1976; Gittins 1983
Hylobates muelleri 88 12 Arboreal Carpenter 1964; Fleagle 1976; Gittins 1983
Hylobates pileatus 88 12 Arboreal Carpenter 1964; Fleagle 1976; Gittins 1983
Indri Indri 97 <3 Arboreal Walker 1979; Napier and Walker 1967; (Based on Propithecus)
Lagothrix lagothrica 99.8 0.2 Arboreal Youlatos 2004; Defler 1999, Cant 2003, Isler 2004
Lemur catta 22 78 Terrestrial Gebo 1987
Lophocebus albigena 92 8 Arboreal Janmaat & Chancellor 2010 (Lophocebus albigena johnstonii)
Macaca fasicularis 98.33 1.67 Arboreal Cant 1988; Wheatley 1980 (combined clambering and climbing behaviors)
Macaca mulatta 35 55 Mixed Wells & Turnquist 2001 (adult estimates)
Macaca nemestrina 91.6 8.4 Arboreal Rodman 1979; Fleagle 1988; Rowe 1996
Macaca tonkeana 78.42 21.58 Arboreal Riley 2008; Pombo et al. 2004
Mandrillus sphinx 20 80 Terrestrial Noris 1998
Otolemur crassicaudatus 100 0 Arboreal Gebo 1987
Pan paniscus 80 20 Arboreal Susman 1980
Pan troglodytes 50 50 Mixed Doran and Hunt. 1994 (Means of males and females per site)
Papio hamadryas 30 70 Terrestrial Napier & Napier 1967
Pongo pygmaeus 97.71 2.29 Arboreal Cant 1987; Ashbury et al. 2015 
Presbytis melalophus 100 0 Arboreal Fleagle 1977
Presbytis comata 100 0 Arboreal Fleagle 1977 (Based on Presbytis obscura and Presbytis melalophos)
Piliocolobus badius 96 4 Arboreal Gebo & Chapman 1995.; Galat-Luong & Galat 2005
Propithecus diadema 97 <3 Arboreal Furnell 2013 (Based on Propithecus verreauxi)
Propithecus verreauxi 97 <3 Arboreal Gebo. 1987; Furnell 2013
Rhinopithecus roxellana 97.1 2.9 Arboreal Fleagle, 1988; Wu 1993; Isler 2006 (Rhinopithecus bieti)
Syndactylus symphalangus 88 12 Arboreal Fleagle 1976
Theropithecus gelada 1.6 98.4 Terrestrial Dunbar and Dunbar 1974
Trachypithecus cristatus 70 30 Arboreal Fleagle, 1988; Xiong et al. 2009 (Based on data for T. francoisi & T. leucocephalus); Harding 2010
Trachypithecus johnii 70 30 Arboreal Fleagle 1988; Xiong et al. 2009 (Based on data for T. francoisi & T. leucocephalus)
Trachypithecus obscurus 78 22 Arboreal Md-Zain and Ch'ng 2011; Fleagle 1978
Trachypithecus phayrei 70 30 Arboreal "pers comm C. Borries & A. Koenig"  from Gosselin-Iidari (2013) dissertation
In instances where species specific data was not available closely related taxa were supplemented.
 1





The pelvis is ideal for studies of skeletal loading associated with locomotion due to its physical
position in the axial skeleton and its direct role in allocating force throughout the hind limbs.
Despite trabecular bone’s argued functional affinities, the exact biomechanical influences shaping
its architecture remain difficult to isolate. This is due to both methodological limitations and the
complex combination of factors that have the capacity to govern trabecular morphology (i.e, hor-
mones, genetic regulation, diet, activity level). Yet, its plasticity makes it an attractive tool for
inferring load duration and orientation indicative of habitual loading related to posture and loco-
motion (Walker, 1981; Curry, 1986). To explore the functional role of trabecular bone further, a
broad comparative sample of bipedal, suspensory and quadrupedal mammals of varying sizes, yet
comparable locomotor repertoires, are evaluated to assess how reliable commonly used trabecular
morphometrics (bone volume fraction BV/TV, degree of anisotropy DA) are for inferring locomo-
tor behavior using isolated innominates. Results show differences in DA values across locomotor
categories (p<0.05) that appear independent of body size (R2=.056). Bipedal taxa have statisti-
cally supported, higher DA values compared to their quadrupedal counterparts (p<0.05). Further,
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bipedal rodents and marsupials have indistinguishable DA means despite differences in size and
phylogenetic relatedness. However, despite mean differences there is substantial overlap that ren-
der reliable classification difficult. Within primates, quadrupedal taxa are more anisotropic than
knuckle-walkers and vertical clingers and leapers, and there are several findings that contradict
the expectations typically argued for DA in relation to locomotor mode. Specifically, humans, ex-
pected to be among the more anisotropic spcies given the consistency and frequency of hip loading
behavior, are the most isotropic in the sample. And although BV/TV statistically differentiates
arboreal from terrestrial taxa across groups (p<0.05), primates produce similar means for bipeds,
vertical leapers and suspensory taxa, all of which utilize orthograde trunk posture during locomo-
tion but have very different loading regimes. The functional and phylogenetic interpretations of
hip microarchitecture are discussed.
3.2 Introduction
Most studies of functional morphology rely exclusively on the assessment of the external shape
of skeletal elements; however, despite the presence of argued functional adaptations (e.g., curva-
ture, robusticity, joint positioning) the overall dimensions and shape of bone remains relatively
fixed thereby offering only limited insight into loading sustained throughout an organism’s life.
And although some external features have been found to correlate with different forms of habit-
ual locomotion, the ability to reliably decipher the derived traits from possible primitive retentions
limits the interpretations that can be gleaned from using such methods in isolation. This realization
has led to the implementation of approaches that attempt to characterize the loading environment
via looking at more subtle changes to the internal microarchitecture. Fortunately, with the advent
of micro-computed tomography (µCT) and the development of softwares that enable both non-
destructive segmentation methods and more sophisticated analyses, comparative studies based on
trabecular microarchitecture have introduced additional ways to evaluate skeletal adaptation. The
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observation that bone responds to mechanical loading through altering its structural composition
is termed "Wolff’s Law" (Wolff, 1892) and it is a concept that has driven studies that attempt to
equate trabecular remodeling with frequency and directionality of loading, specifically as it relates
to important topics in paleoanthropology, with common examples being studies of mastication and
diet (e.g., Kupczik et al., 2009; Ryan et al., 2010) and locomotion (e.g., Macchiarelli et al., 1999;
Fajardo & Müller, 2001; Ryan & Ketcham, 2002; Martinón-Torres, 2003; Ryan & Walker, 2010;
Ryan & Shaw, 2012; Shaw & Ryan, 2011; Su et al., 2013; Tsegai et al., 2013). Studies to date
have established that some of the commonly used trabecular parameters, namely the degree of
anisotropy and BV/TV because of their collective contribution to trabecular bone’s overall elastic
modulus (Stauber et al., 2006; Maquer et al., 2015), are infromative for studying locomotion and
therefore a useful tool for drawing functional inferences based on skeletal remains (see complete
list of trabecular morphometrics used in this study and their definitions in Table 3.1).
In primates, a detectable locomotor signal has been argued based on trabecular bone character-
istics observed in important regions such as the limb bones which experience high compressive
forces during locomotion. This work has focused on the femoral head and neck (MacLatchy
& Müller, 2002; Ryan & Ketcham, 2005; Ryan & Walker, 2010) the subarticular bone of the
humerus and femur (Rafferty & Ruff, 1994) and isolated aspects of the proximal femur (Saparin et
al., 2011) and humerus (Scherf et al., 2013). In some instances, these measures have demonstrated
the capacity to effectively distinguish between locomotor categories, making it a useful tool for
functional morphologists interested in reconstructing aspects of locomotion like establishing the
primary modes utilized by taxa, and using this to test hypotheses pertaining to locomotion within
the fossil record (e.g., Fajardo & Müller, 2001; MacLatchy & Müller, 2002; Ryan & Ketcham,
2002; Shaw & Ryan, 2011). Several studies to date have used trabecular bone to draw functional
inferences for several hominin taxa including Australopithecus africanus (distal tibia: Barak et
al. 2013, talus: DeSilva et al. 2012, metacarpals: Skinner et al. 2015) and Paranthropus boisei
(talus: Su et al. 2013). Further, in vivo studies have provided convincing evidence that trabecular
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Table 3.1: List of the trabecular morphometrics used in study and their abbreviations, units of
expression and descriptions.
 
Morphometric Abbreviation and unit Descriptions 
Bone Volume Fraction  BV/TV reported as a ratio The proportion of voxels allocated 
to actual trabecular bone relative 
to the total voxel number assigned 
to the selected region or the 
established volume of interest 
(VOI). 
 
Degree of Anisotropy DA reported as a dimensionless 
value (isotropy=0 or 1; 
anisotropy=higher values signify 
more alignment along a particular 
axis versus uniformity in all 
directions) 
Characterizes the arrangement of 
the trabecular bone within a three 
dimensional space. Isotropic 
patterns indicate symmetry in all 
directions, while anisotropy 
implies struts are arranged in a 
particular direction. Measured in 
this study by mean intercept 
length algorithm (Harrigan & 
Mann, 1984). 
 
Trabecular Thickness Tb.Th (mm) The mean thickness of individual 
trabecular struts included in a VOI 
typically calculated via ‘sphere-
fitting’ methods 
 
Trabecular Number Tb.N (mm-1) The number of trabecular strut per 
mm in VOI. 
 
Trabecular Separation Tb.Sp (mm) The mean width of the spaces 
between the individual trabecular 
struts in the VOI.  
 
Bone Surface Density BS/BV Ratio of trabecular bone surface 
area to the total volume of 
trabecular bone in the VOI. 
Modified from Kivell, 2016. 
Tb.  ( -1) 
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arrangements are sensitive to changes in loading behavior (e.g., Barak, Lieberman, Raichlen, et al.,
2013; Pontzer, 2006; Ryan & Ketcham, 2005) and therefore appropriate for investigating morphol-
ogy at a more nuanced level that would undoubtedly benefit studies of homimin bipedalism given
the extent of locomotor diversity recovered in the fossil record. Especially since these latter stud-
ies detect response in bone directly related to habitual use, presenting compelling evidence for a
functional relationship between external loading behaviors and the reorganization of the trabecular
bone in the lower limb of sheep, the guinea fowl and within leaping primates.
Previous studies on the internal bone microarchitecture of primate limbs also indicate that fea-
tures of the trabeculae scale allometrically and may be significantly influenced by phylogeny and
body size (Ryan & Shaw, 2013). In fact, some studies reveal instances of negative allometry and
body mass independence, therefore reiterating the complex relationship between these features and
their actual function (Barak, Lieberman, & Hublin, 2013a). As such, careful consideration should
be awarded to locomotor behavior, joint loading and the mechanical effects of size on internal
bone architecture as there is a poor understanding of the size threshold that determines whether
changing the number, orientation or thickness of trabecular is necessary to maintain competency
in animals of a particular size (Doube et al., 2011). As such, it is necessary to evaluate the re-
lationship between body mass and trabeculae distribution and density within the innominate of
bipedal vs. quadrupedal and arboreal vs. terrestrial mammals as it can elucidate all the adaptive
strategies available to mammals of differing body plans. To date there have been numerous studies
that focus explicitly on scaling trends within internal trabecular structure (e.g., (Mullender et al.,
1996; Barak, Lieberman, & Hublin, 2013a; Fajardo et al., 2007) though few attempts to examine
these features have included the pelvis. In fact, most trabecular work carried out on the pelvis has
focused mainly on human samples in a clinical context (Dalstra et al., 1993; Dalstra & Huiskes,
1995; Dalstra et al., 1995; Cunningham & Black, 2009). Though work comparing the general
patterns of cancellous bone arrangements in the human pelvis to that of great apes and species of
Australopithecus show that humans, as committed striding bipeds, have distinct trabecular features
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(i.e., a discrete ilioischial bundle, undivided sacropubic bundle and a full diagonal crossing over the
acetabulum vicinty) that can be used to infer bipedalism in other taxa (Macchiarelli et al., 1999).
In fact, studies of human pelvic cancellous bone have served as a valuable comparative framework
to investigate locomotion and gait in fossil taxa including the hominins Australopithecus africanus
(Macchiarelli et al., 1999) and H. neanderthalensis (Martinón-Torres, 2003) in addition to sev-
eral Miocene ape species, like Oreopithecus bambolii (Rook et al., 1999), though the preservation
of this latter specimen makes it difficult to draw any definitive conclusions about its locomotor
behavior, and Rudapithecus hungaricus (Shapiro, 2016). It is clear that more work is needed to
appreciate the functional role of trabecular bone within the pelvis, especially when the goal is to
reconstruct locomotor behavior in fossil record. Specifically, understanding skeletal adaptation
across a broader comparative sample is required to elucidate those contributions related to size
and phylogeny while unveiling broader trends that can inform future interpretations relating to the
frequency and nature of loads sustained throughout locomotor activity.
3.3 Objectives and Hypotheses
The objectives of the study are to 1.) detect convergence related to locomotion and posture across
a sample of mammals to isolate the functional role of trabecular bone in facilitating each, 2.) ex-
plore the allometric trends related to particular trabecular parameters and evaluate their consistency
across mammalian groups to understand how body size influences hip microarchitecture and 3.)
detect phylogenetic influences that may be shaping the internal trabecular structure.
To obtain these aforementioned objectives, a series of hypotheses will be evaluated in this study:
H1: Because BV/TV, a measure of bone density, has been found to increase in response to frequent
and high loading, those taxa in the sample utilizing hind limb dominated forms of locomotion (i.e,
bipedalism, vertical clinging and leaping) will have higher values when compared to suspensory
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taxa.
H2: Taxa engaging in bipedalism, saltatorial or striding forms, will have higher BV/TV values
compared to quadrupeds since the former distributes weight along only two limbs while moving.
H3: Taxa of small vs. large body sizes will have distinct relationships between the different trabec-
ular morphometrics that signify group-specific adaptive strategies for effectively distributing loads
related to locomotion.
H4: The degree of anisotropy, a measure that reflects the directionality of principal strains, will cor-
respond with locomotor behavior, including postural preferences (i.e., orthograde, semi-orthograde
or pronograde), as both influence how the load is distributed across the hip joint.
H5: Suspensory taxa will be more isotropic when compared to terrestrial, pronograde taxa as the
former encounters more varied loads that are partially supported by the forelimbs during locomo-
tion.
H6: Stenurus tindalei, argued to have been a large-bodied, striding biped, will produce similar
values for the trabecular morphometrics for other bipedal taxa in the sample.
3.4 Materials andMethods
The study sample consists of a total of 165 individuals that includes representatives of both metathe-
rian (n=43) and eutherian (n=122) mammals representing a total of 41 extant species and 1 fossil
taxon, Sthenurus tindalei (AMNH 117493/SIAM 54) (see complete list in Table 3.2). The sample
consists of 79 females, 71 males and 15 individuals of unknown sex. Only non-human specimens
that were free of pathological condition and/ or injury were included in the analyses. Adult spec-
imens were preferentially selected for and specimen age was determined via visual inspection of
epiphyseal fusion of postcranial elements. Only in instances where group sample sizes were in-
sufficient were juvenile or zoo specimens included in the analyses (Appendix G). The majority
of specimens were housed at the American Museum of Natural History (AMNH) Mammology
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collections or, in the case of the fossil specimen Sthenurus tindalei, in the AMNH Division of
Paleontology’s fossil mammal collection. The Homo sapiens sample is from the human skeletal
collection housed in the Division of Anthropology at the AMNH. The Ptilocercus lowii speci-
mens were from the Museum of Comparative Zoology at Harvard University (MCZ) the Field
Museum of Natural History (FMNH) and the Peabody Museum of Natural History at Yale Univer-
sity (YPM). The Ptilocercus lowii material was scanned independently by Dr. Stephen Chester at
Yale University.
3.4.1 Computed Tomography Imaging
The majority of specimens were scanned at the American Museum of Natural History’s Mi-
croscopy and Imaging Facility using a GE PHOENIX v|tome|x s240 micro-CT scanner. This
does not include the Ptilocercus specimens (MCZ 51736, FMNH 76855, YPM 6873) as they were
scanned independently using a Scanco Medical µCT 35 machine at Yale University scanner at a
resolution of 18.5µm. Specimens scanned using the GE PHOENIX v|tome|x s 240’s utilized a
micro-focus high energy x-ray tube with standard acceleration voltage ranging between 130 and
210 kV, an amperage between 125 and 175 µA and a slice thickness between 36-98µm. These cal-
culations varied due to size discrepancies and the mineralization of the fossil specimen, Sthenurus
tindalei. A 0.25mm copper filter was used for the extant specimens in the sample, while a 1.0mm
copper filter was used for Sthenurus. The specimens were individually mounted and secured in
a vertical position so that the acetabulum and the area immediately surrounding it were centered.
This was done to accommodate the larger specimens while maximizing spatial resolution for each
specimen. Images were reconstructed as 16-bit TIFF stacks with a 1024x1024 pixel matrix. Given
the importance of scan voxel size to some of the morphometric parameters, a relative resolution
range was calculated to insure specimens were suitable for analyses (Kivell et al., 2011; Kothari
et al., 1998)(Table 3.1). The relative resolution is a calculation of the number of pixels assigned
to the individual trabecular struts and is derived from dividing the trabecular thickness [mm] by
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the pixel size [mm]. The sample of this study encompasses relative resolution ranges between .67-
9.7mm which is comparable to other trabecular studies thereby fulfilling standard methodological
requirements (Kivell et al., 2011; Tsegai et al., 2013).
3.4.2 VOI preparation
A single spherical volume on interest (VOI) was digitally extracted from the superior acetabulum
of each specimen and oriented to the same coordinate system using Visual Graphics Studio Max
2.2 (Volume Graphics GmbH, Heidelberg, Germany). VOI spheres were scaled to a radius that
equaled twenty percent of the maximum acetabulum height, the latter was used as an indirect
proxy for body size as hip joint diameter as this measure is found to correlate with body size
in primates (Hammond, Plavcan, & Ward, 2013). The acetabulum height was obtained by using
the polyline tool in VG Studio and is meant to supplement commonly used body size proxies,
specifically measures of the femoral head (e.g., McHenry, 1992; Ruff, 1987, 2010) (Figure 3.1) .
To insure homologous placement of the VOIs, isolated innominates were positioned so that
the ilium and ischium aligned in the posterior view (Figure 3.2). Then a plane was fitted using
three points that formed a continuous line at the most mediolaterial projecting points immediately
superior to the acetabulum. Another plane was introduced, via transecting the former, at the cen-
ter of the longitudinal axis of the acetabulum to establish a consistent orientation relative to the
world coordinate system for all specimens. The VOI was extracted from the center of the first
plane, which corresponds with the widest circumference of the lower ilium, an area found to scale
allometrically with locomotor mode in primates (Lewton, 2015a). It is also an area where visual
inspection of trabecular versus cortical parameters can be used to reliably differentiate cortical
bone from trabecular bone.
Aside from permitting homologous VOI placement across a diverse sample within a morpho-
logically complex region, this VOI was also selected because it is adjacent to the hip joint and in
close proximity to an articular surface which have been found to more reliably predict principal
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strains due to their active role in transferring force from the joint surface to the surrounding cor-
tical bone (Oftadeh et al., 2015). Additionally, this particular region has been found to display a
gait-related system of trabecular organization that also has a high degree of interspecific variabil-
ity (Macchiarelli et al., 1999; Rook et al., 1999). The VOIs were exported as three-dimensional
aligned 16-bit TIFF image stack and converted to binarized 8-bit RAW stacks using the Isodata-
based iterative thresholding algorithm outlined in Ridler and Calvard (1978) (Figure 3.3). This
approach calculates a composite average of the pixels that represent both the background (air
space) and the object of interest (bone) to differentiate the two into binary threshold values that
are incremented until a higher value than that of the original composite average is reached. It is
included as a standard option in the ImageJ software (ver.2.0.0-rc-67; Schneider et al., 2012) where
the filtering was performed after digitally segmentation of the VOIs.
Figure 3.1: Polyline positioning to obtain acetabular height for use as a body size proxy and to
scale the VOIs in trabecular study. Image is based on a microCT scan of a Hapalemur specimen
included in the study.
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Table 3.2: Table with sample details for trabecular study.
Sample Details for Trabecular Study  
Taxon N Locomotion BV/TV DA Tb.Th Relative Res. 
   Mean Range Mean Range Mean Range Range 
Primates:          
Avahi laniger 3 VCL .22 .14-.27 .69 .57-.77 .11 .11-.12 3.9-5.6 
Eulemur albifrons 6           AQ .16 .13-.21 .59 .41-.73 .12 .11-.14 3.4-4.3 
Hapalemur griseus 6 VCL .23 .16-.34 .55 .39-.83 .13 .08-.18 2.7-4.9 
Lemur catta 2 TQ .32 .19-.45 .59 .59 .19 .12-.25 2.5-4.0 
Lepilemur sp. 6 VCL .19 .15-.23 .59 .44-.77 .09 .07-.09 2.5-4.9 
Microcebus murinus 5 AQ .14 .09-.16 .67 .55-76 .05 .04-.06 2.5-3.5 
Otolemur crassicaudatus 5 AQ .26 .21-.33 .63 .58-.65 .10 .09-.15 3.4-7.1 
Propithecus verreauxi 4 VCL .19 .15-.24 .51 .46-.56 .19 .14-.23 2.3-7.5 
Tarsius sp. 3 VCL .22 .15-.30 .66 .53-.76 .06 .01-.09 .67-5.4 
Cebus apella 6 AQ .14 .12-.17 .62 .54-.73 .14 .11-.16 3.4-4.7 
Cercopithecus mitis 6 AQ .16 .13-.19 .78 .73-.83 .17 .14-.19 3.7-5.2 
Papio sp. 9 TQ .31 .29-.39 .68 .57-.84 .24 .15-.26 2.3-4.5 
Gorilla gorilla 5 KW .33 .28-.46 .56 .47-.64 .28 .17-.32 2.8-3.4 
Hylobates hoolock 6 S .20 .14-.25 .64 .58-.66 .17 .12-.20 2.4-4.5 
Pan troglodytes 5 KW .26 .19-.31 .54 .44-.72 .20 .14-.25 1.7-2.8 
Pongo pygmaeus 6 S .26 .18-.33 .70 .68-.76 .24 .21-.31 2.7-3.5 
Homo sapiens 7 B .25 .16-.33 .46 .30-.64 .22 .15-.26 1.7-3.0 
Total: 90         
          
Marsupials:          
Phascolarctos cinereus 4 C .19 .12-.25 .66 .60-.70 .16 .15-.19 1.7-2.7 
Vombatus ursinus 4 TQ .27 .23-.29 .77 .73-.83 .19 .15-.23 2.3-3.4 
Dendrolagus lumholtzi 6 C .40 .38-.41 .73 .67-.75 .22 .18-.25 3.1-5.2 
Macropus giganteus 2 H .29 .28-.29 .63 .62-.64 .22 .21-.23 3.1-3.4 
Macropus robustus 4 H .30 .18-.47 .66 .57-.76 .24 .11-.42 2.7-4.2 
Macropus parryi 2 H .34 .29-.39 .79 .76-.82 .21 .17-.24 3.4-4.5 
Potorous tridactylus 5 H .29 .19-.41 .73 .68-.81 .22 .17-.27 5.2-9.5 
Petrogale herberti 5 H .29 .26-.32 .76 .69-.85 .15 .13-.15 2.7-3.8 
Thylogale sp. 5 H .22 .14-.34 .78 .70-.82 .15 .10-.28 2.3-3.5 
Setonix brachyurus 5 H .23 .17-.33 .70 .60-.78 .16 .14-.24 3.5-4.6 
Sthenurus tindalei 1 - .30 - .70 - .23 - 2.4 
Total: 43         
          
Treeshrews:          
Ptilocercus lowii 3 AQ .26 .22-.30 .86 .85-.86 .07 .06-.09 3.3-5.1 
Tupaia sp. 3 - .17 .12-.23 .78 .77-.78 .06 .05-.06 2.8-4.3 
Tupaia tana 2 TQ .23 .21-.25 .73 .68-.78 .09 .07-.10 3.5-5.6 
Tupaia glis 1 TQ .2 - .62 - .07 - 5.7 
Total: 9         
          
Rodents:          
Dipodomys merriami 5            H .18 .13-.24 .73 .67-.75 .05 .04-.06 2.1-3.4 
Jaculus blandfordi 5 H .28 .20-.45 .61 .50-.76 .08 .06-.10 3.1-5.9 
Pedestes capensis 7 H .32 .20-.42 .75 .54-.81 .19 .15-.29 3.2-9.7 
Rattus norvegicus 6 TQ .14 .06-.19 .56 .50-.68 .07 .06-.10 2.9-5.4 
Total: 23         
AQ=arboreal quadruped, TQ= terrestrial quadruped, KW=knuckle-walker, S=suspensory, B=striding biped, VCL=vertical clinger and leaper, H=hopper 
(saltatorial), C: vertical climber. Specimens without assigned locomotor categories were only included in allometric component of the study. BV/TV=bone 
volume/ total volume (density), DA= degree of anisotropy determined by mean intercept length, Tb.Th= mean trabecular thickness. 
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 a b 
Figure 3.2: Lateral view of the innominate showing the plane fitted to the superior acetabulum for
homologous VOI placement pictured with (a) no transparency and (b) 70% transparency revealing
both fitted planes intersecting with the internal microarchitecture visible and the VOI in its relative
position with no transparency
 
 
    
 
a b d c 
Figure 3.3: Extracted VOI from superior acetabulum illustrated at various stages of filtering pro-
cesses in preparation for morphometric analyses viewed as a (a) three dimensional image with
no filter (b) 2D image stack of trabecular bone (c) thresholding based on Isodata differentiating
bone (red) and background, or airspace (black) and (d) the resulting binarized image stack used for
subsequent analyses.
3.4.3 TrabecularMorphometrics
After segmentation and binarization the VOIs were uploaded back into VG Studio Max 2.1 where
the built-in trabecular morphometrics based on the isosurface values were calculated for each spec-
imen. The morphometrics used in this study include: BV/TV (bone volume fraction, or the ratio
of bone volume to total volume), BS/BV (the ratio of bone surface to bone volume), Tb.Th (av-
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erage trabecular thickness), TbN (mean trabecular number) and Tb.Sp (mean distance between
trabeculae). These morphometrics, to the exclusion of BV/TV, are used in the assessment of allo-
metric trends while functional interpretations are drawn from BV/TV and the calculated degree of
anisotropy (DA). These measures collectively contribute as much as 98% to bone stiffness and are














The degree of anisotropy (DA) was calculated via the mean-intercept length (MIL) approach.
This method was performed using the BoneJ plug-in (version 1.4.2; Doube et al., 2010) available
for ImageJ (Schneider et al., 2012). MIL calculates the frequency of intersections between bone
and background along several randomly placed vectors of the same length throughout a three-
dimensional VOI (Odgaard, 1997; Harrigan & Mann, 1984). Then using the accumulation of the
vector intercepts, a ratio of the major and minor axes is constructed via eigendecomposition ren-
dering the axes lengths, as eigenvalues, and information regarding orientation, which is presented
as eigenvectors. This is defined mathematically in the BoneJ software as 1 - smallest eigenvalue /
largest eigenvalue. The VOI of each specimen was sampled until a coefficient of variance equal to
tolerance of max spheres was reached.
3.4.4 Phylogenetic Signal
In an attempt to explore any phylogenetic contribution influencing the trabecular morphometrics a
simulation-based phylogenetic ANOVA from Garland et al. (1993), available in the ‘phytools’
(Revell, 2012) R package. This method provides p values for the test statistic using simula-
tion that assumes a Brownian motion process. For the primate sample, these phylogenetic ap-
proaches were based off of a Bayesian-derived consensus tree downloaded from 10kTrees (ver.
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3; http://10ktrees.fas.harvard.edu/) based on mitochondrial and autosomal genes available through
GenBank. Phylogenetic generalized-least squares regressions were carried out using the ‘ape’
(Paradis et al., 2004), ‘geiger’ (Harmon et al., 2008) ‘nlme’ (Pinheiro et al., 2018) and ‘phytools’
(Revell, 2012) packages in R following a methodological approach comparable to that of Ryan and
Shaw (2013) to permit direct comparison to their work on the primate femur (Posada & Buckley,
2004).
For the marsupial sample, a comparable time-scaled consensus tree was generated based on
gene sequences previously used in the literature (Beck, 2008; Amrine-Madsen et al., 2003; Asher
et al., 2004; Nilsson et al., 2004) that were also available for the sample taxa through GenBank
(i.e., apolipoprotein B gene, interphotorecep tor retinoid binding protein gene, Protamine P1 gene,
RAG1, tRNAPhe gene, partial sequence, 12S ribosomal RNA, tRNAVal gene, 16S ribosomal
RNA complete sequence). Combined sequences were aligned and used to create a phylogeny
with branch lengths using maximum likelihood methods available in the MEGA software (ver. 4;
Tamura et al., 2007). The resulting tree, based on molecular changes, was then converted into an
ultrametric tree via code implemented in the "phytools" package. Once the tree was created for
both primates and marsupials, the same package was used to perform the phylogenetic ANOVAs
and subsequent pos thoc mean comparisons on the DA values for the sample (Revell, 2012). The
Rodentia and Scandentia samples did not meet the methodological requirements to permit phy-
logenetic analyses and were consequently excluded. Further, any taxa without a specific species
allocation was only included in allometric analyses since locomotor mode could not be reliably
determined.
3.5 Results
In terms of bone density, as measured by BV/TV, the sample differentiates many of the locomotor
modes especially on a broad level (i.e., between arboreal vs. terrestrial taxa and quadrupedal
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vs. bipedal) . For the entire sample there are statistically supported differences in BV/TV values
(ANOVA p< 0.005) with the terrestrial forms of locomotion having higher overall mean BV/TV














Figure 3.4: Boxplot of BV/TV across entire sample grouped by locomotor mode (AQ: arboreal
quadrupeds, B: striding bipeds, C: vertical climbers, H: hoppers (saltatory), KW: knuckle-walkers,
S: suspensory, TQ: terrestrial quadrupeds and VCL: vertical clingers and leapers. Note the compa-
rable mean value ranges for suspensory taxa, striding bipeds and the vertical clingers and leapers
all of which utilize varying degrees of orthogrady.
This is functionally relevant as BV/TV is a measure of density, and therefore the larger, terres-
trial taxa should require more bony reinforcement at critical loading sites like the hip joint. How-
ever, there is considerable variation within each locomotor category. Both terrestrial quadrupeds
and saltatory taxa have a large range of values that is undoubtedly influenced by their vast size
variability. Across the entire sample, bipeds have only slightly higher mean values when com-
pared to quadrupeds that are also statistically discernible (ANOVA; p<0.005) (Figure 3.5). Posture
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itself is influential for trabecular orientation as the relative mean differences between orthograde
and pronograde taxa are preserved regardless of their preferred habitat (terrestrial versus arboreal).
The highest values for BV/TV are attributed to Dendrolagus, a species that engages in both salta-
tory locomotion and leaping behaviors (Figure 3.6). When examined individually by group (i.e.,
marsupial, primate, rodent, treeshrew) this trend can only be confirmed in marsupials and primates,
as the rodents do not contain any arboreal species and the treeshrews display the opposite trend,
where the arboreal species, Ptilocercus actually have higher density values, in fact, they are among
the highest in the sample.
In general, there is evidence of a relationship between body size and BV/TV among rodents
(R2=.26) and treeshrews (R2=.30) that is less evident across primates (R2=.15) and absent alto-
gether in marsupials (R2=.05) (Figure 3.7). This finding is consistent with previous studies that
suggest rodents to have different microarchitecture patterns, with some positing this pattern could
be attributed to a minimum thickness threshold that makes the group a poor referent in trabecular
studies that intend to extrapolate inferences to other taxonomic groups (Barak et al., 2013).
When examining the degree of anisotropy via mean intercept length values, the entire sample
does not conform to any consistent locomotor-based trends (Figure 3.8) despite a statistically sig-
nificant ANOVA result (p<0.005). However, if posture and habitat are taken into account there are
discernible difference across the sample, with DA being more pronounced in the pronograde taxa
relative to orthograde arboreal species. The semi-orthograde terrestrial taxa, comprised of the salta-
torial individuals, have the most anisotropic pattern, followed by terrestrial/arboreal pronograde
species (Figure 3.9). When the primate sample is considered separately, the knuckle-walkers and
vertical clingers and leapers mean values are significantly more isotropic, while striding bipeds
(humans) are the most isotropic in the sample a trend that directly opposes the assumption that
repetitive loading is reflected in DA meaures (Figure 3.10). Taxa utilizing orthograde posture
tend to be more isotropic relative to their pronograde analogs, though this trend is contradicted
by primate suspensory taxa (Figure 3.10). However, when nested regression models incorporating
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interaction terms like habitat (arboreal vs. terrestrial) and posture (orthograde, semi and prono-
grade) are included, the explained variance improves from an R-squared value of .17 to .26 and
subsequent ANOVAs performed on the nested models show statistically significant differences be-
tween them (p-value<0.05) that demonstrate that posture accounts for a meaningful degree of the
















     Quadrupeds                          Bipeds  
Figure 3.5: Boxplot comparing quadrupeds and bipeds BV/TV value for the entire sample. Mean
differences are statistically supported (ANOVA p-value=0.005).
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Figure 3.6: BV/TV for entire sample separated by habitat and color-coded by posture. Note that
although terrestrial taxa have higher BV/TV values overall, the disparity between the means of
orthograde vs. pronograde taxa are consistent regardless of habitat. The semi-orthograde terrestrial
taxa, mainly the saltatorial taxa, also have comparable mean values to the fully orthograde taxa.
The semi-orthograde arboreal taxa are comprised of the Dendrolagus which participate in some
terrestrial hopping and in leaping that explain its high BV/TV values.
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Figure 3.7: Log-transformed BV/TV vs. acetabulum length, serving as a proxy for body size,
across the sample with rodents and treeshrews having higher R-squared values relative to the mar-
supials and primate samples. Light blue shading represents 95% confidence intervals for the re-
spective regressions.
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Figure 3.8: Boxplot of DA across entire sample grouped by prefined locomotor modes. AQ: arbo-
real quadrupeds, B: striding bipeds, C: climbers, H: hopper (saltatorial), KW: knuckle-walkers, S:
suspensory, TQ: terrestrial quadrupeds and VCL: vertical clingers and leapers. Mean differences
are statistically supported (ANOVA p-value=0.005).
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Figure 3.9: DA values for entire sample grouped by habitat and color-coded by posture. Note
the degree of anisotropy mean value is highest in the semi-orthograde, terrestrial taxa which is
comprised of rodent and marsupial saltatory species.
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Figure 3.10: DA values for primate sample grouped by habitat and color-coded by posture.
AQ: aboreal quadrupeds, B: striding bipeds, KW: knuckle-walkers, S: suspensors, TQ: terrestrial
quadrupeds, VCL: vertical clinger and leapers.
3.5.1 Phylogenetic Contributions
To evaluate the phylogenetic contributions within the sample, marsupials and primates were eval-
uated separately since both contained samples sizes comparable to studies in the literature that
utilized similar methods (e.g., Johnson et al., 2008; Stephens & Weins, 2008). After the struc-
ture of the phylogeny was accounted for in marsupials, the differences between arboreal and ter-
restrial species was no longer statistically significant, as indicated by the Phylogenetic ANOVA
and sequential Bonferroni tests (F=.79; p=.499). However, the differences between bipedal and
quadrupedal taxa remained statistically supported even when tree structure was considered, sug-
gesting that BV/TV relates to function within the hip microarchitecture does reflect locomotion in
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marsupials at a broad level, namely distinguishing species using two limbs from those using four
during locomotion (Phylogenetic ANOVA; F=12.01; p=0.01).
In the primates sample the preassigned locomotor groups also maintain their statistical sig-
nificance even after phylogeny was taken into account (Phylogenetic ANOVA; F=5.04; p=0.05),
though post hoc Tukey tests reveal that not all groups are statistically supported for BVTV or
DA values (see supplementary data Figure 3.21). Of the included groups, DA values for VCL
and the knuckle walkers have significantly different means from those of bipeds and quadrupeds.
However, many of the mean comparisons across locomotor modes are not supported, as zero is
encompassed within their 95% confidence intervals, suggesting considerable overlap across the
locomotor categories used in the study. This is also characteristic of the BV/TV values as there
are only statistically supported mean differences for arboreal quadrupeds versus climbers, saltatory
taxa and knuckle-walkers and between vertical clingers and leapers versus a variety of modes (i.e.,
climbers, saltatorial individuals and knuckle-walkers) (see supplementary data Figure 3.21).
Unlike the marsupial sample, arboreal and terrestrial primate taxa possess means that are differ-
ent and these findings are maintained even when the structure of the phylogenetic tree is taken into
account (Phylogenetic ANOVA; F=20.4; p<0.001). Suggesting that primates retain a functional
signal, at least partly, attributed to their use of arboreal vs. terrestrial environments.
Phylogenetic generalized-least squaress (pGLS) regressions were implemented for the primate
sample only and were performed using log10 species means for acetabulum size and the other
trabecular parameters. The acetabulum was used to represent body size as in previous studies
of primates show a correlation with femoral measures and body size within primates (Jungers,
1991). The phylogeny used for the phylogenetic ANOVA analyses was also used for these regres-
sions. The pGLS regressions used a series of phylogenetic correlation structures (i.e., Brownian
motion (BM), Grafen’s ρ, Pagel’s λ and the covariance matrix defined by Martins and Hansen
(1997) representing a Ornstein-Uhlenbeck process of trait evolution) that were compared to a non-
phylogenetic OLS regression based off of a star phylogeny with the same branch lengths assigned
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to each species. The predictive accuracy, or the model-fit, was assessed using the Akaike informa-
tion criterion (AIC) with the lowest AIC values determining the best fit (Table 3.3). The Brownian
motion model provided the best fit for Tb.Th, BV/TV, BS/BV. Tb.N and Tb.Sp, while only DA
has a lower AIC value for the Pagel’s λ model (λ=1.06-1.09), a model that is considered to be
a relaxed BM model that multiples the covariance matrix by the scaling parameter, λ, to assess
correlation under a BM process of trait evolution (Pagel, 1999; Freckleton et al., 2002). Specif-
ically, the closer to 1 λ value is the more the covariance of the matrix can be explained by the
phylogeny under a BM pattern. The phylogenetic models outperformed the OLS regression in all
instances suggesting that all variables have a phylogenetic signal explictly related to body size,
and the variation observed for these traits can be corrected for via a Brownian model opposed to
an Ornstein-Uhlenbeck pattern.
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Table 3.3: PGLS results for different correlation structures based on primate sample
OLS Regression- non-phylogenetic 
  Slope Intercept AIC BIC logL  95% C.I. R2 p-value 
Tb.Th  1.55 2.68 -15.60 -13.45 10.97  1.24 1.86 .86 <0.005 
BV/TV  1.81 2.59 10.71 13.21 -2.36  0.57 3.05 .31 <0.05 
BS/BV  -1.73 3.37 -17.71 -15.21 11.85  -2.06 -1.40 .87 <0.005 
Tb.Sp  1.24 1.72 12.44 14.94 -3.22  0.24 2.24 .23 <0.05 
DA  -2.11 .93 16.10 18.60 -5.04  -5.15 .92 .05 .19 
Tb.N  -1.62 1.66 5.88 8.38 0.06  -2.43 -0.82 .48 <0.005 
Phylogenetic Correlation Structure: Brownian Motion Model (Felsenstein 1985) GLS  Maximum Likelihood 
  Slope Intercept AIC BIC logL  95% C.I. Corr. p-value 
*Tb.Th  1.24 2.40 -21.80 -19.3 13.90  0.92 1.56 .89 <0.005 
*BV/TV  1.01 1.91 -2.26 .24 4.13  0.30 1.72 .88 <0.05 
*BS/BV  -1.39 2.92 -22.9 -20.43 14.46  -1.73 -1.04 -.95 <0.005 
*Tb.Sp  .278 1.34 4.32 6.82 .837  -0.53 1.08 .63 0.51 
DA  -1.34 0.96 2.07 4.60 1.97  -2.97 0.27 .73 0.12 
*Tb.N  -.827 1.42 .66 3.16 2.67  -1.62 -0.03 -.55 0.06 
Phylogenetic Correlation Structure: Pagel’s l  (l=1.09-1.06) GLS Maximum Likelihood 
  Slope Intercept AIC BIC logL  95% C.I. Corr. p-value 
Tb.Th  1.23 2.37 -19.8 -16.6 13.94  0.91 1.55 .89 <0.005 
BV/TV  .974 1.88 -0.48 2.86 4.23  0.29 1.66 .86 <0.05 
BS/BV  -1.37 2.90 -21.48 -18.14 14.73  -1.71 -1.03 -0.93 <0.005 
Tb.Sp  .245 1.30 6.19 9.52 .90  -0.54 1.03 .60 .54 
*DA  -1.35 0.94 -22.18 18.9 15.10  -1.36 -1.36 0.01 <0.005 
Tb.N  -0.82 1.42 .66 3.16 2.67  -1.62 -0.03 -0.80 <0.05 
Phylogenetic Correlation Structure: Martin & Hansen (1997) GLS Maximum Likelihood 
  Slope Intercept AIC BIC logL  95% C.I. Corr. p-value 
Tb.Th  1.33 2.50 -21.64 -18.31 14.82  1.03 1.62 .94 <0.00 
BV/TV  2.59 1.81 12.7 16.04 -2.35  0.57 3.05 .99 <0.05 
BS/BV  -1.49 3.1 -21.71 -18.38 14.70  1.82 -1.16 -0.98 <0.00 
Tb.Sp  1.24 3.95 6.7 10.03 0.65  -0.31 1.34 .67 .23 
DA  -1.41 .96 5.62 8.95 1.19  -3.21 0.38 .66 .14 
Tb.N  -1.09 1.50 1.79 5.13 3.10  -1.84 0.33 -0.65 <0.05 
Phylogenetic Correlation Structure: Grafen’s ρ (1989) GLS Maximum Likelihood 
  Slope Intercept AIC BIC logL  95% C.I. Corr. p-value 
Tb.Th  1.31 2.47 -20.03 -16.7 14.1  1.02 1.59 .86 <0.005 
BV/TV  1.10 2.03 4.13 7.46 1.93  0.35 1.85 .81 <0.05 
BS/BV  -1.43 2.99 -20.47 -17.14 14.23  -1.74 -1.12 -0.89 <0.05 
Tb.Sp  .49 1.45 10.10 13.40 -1.04  -0.36 1.34 .61 .28 
DA  -1.83 .91 7.40 10.71 .31  -3.63 -0.03 .69 .06 
Tb.N  -1.07 1.52 5.43 1.28 -12.89  -1.85 -0.28 -0.52 <0.05 
*= best model fit determined by the analyses producing the lowest Akaike information criterion (AIC) value 
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3.5.2 Allometry
To evaluate any allometric trends across the entire sample, a series of regressions were performed
that compared the observed slopes to those expected under isometry. The comparative allometric
regressions were not considered in a phylogenetic context. The regressions compared each log-
transformed trabecular morphometric to acetabulum length, the latter meant to serving as proxy
for body size. Tb.Th and Tb.Sp are linear measures so both would produce a slope of 1 in the
case of isometry, with higher and lower slope values suggesting positive and negative allometry,
respectively. BV/TV, DA and Tb.N are technically shape variables so if isometric, they should
produce a slope of 0 with higher values signifying positive allometry and lower ones implying
negative allometry. BS/BV, a ratio of different quantitative variables, would have a slope of -1
under isometry, with values above that showing positive allometry and those below it, negative
(Ryan & Shaw, 2013).
In general, the sample itself reveals several of the trabecular morphometrics have a size-driven
component with Tb.Th being the most influenced by size (R2=.74), followed by BS/BV (R2=.74)
and to a lesser extent Tb.N (R2=.51) (Figure 3.11) as determined by comparing log-transformed
variables against log-transformed acetabulum length. BV/TV has a relatively low R2 value (.12)
and MIL appears to be the least influenced by size across the sample (R2=.003). As expected,
BS/BV and Tb.Th are highly correlated with the best model fit being obtained when a polynomial
regression is implemented (R2=.98) (Figure 3.12). In relative terms, calculated via log-transformed
versions of the variables, the regression confirms that this variable is essentially just a different
form of the same measure consequently resulting in an artificially inflated R value (R2=.99; p-
value=<.0001).
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Figure 3.11: Log-log plots of individuals representing each group for the trabecular morphometric
variables regressed against acetabulum length with 95% confidence intervals. Note the correlation
with body size between Tb.Th, BS/BV, and to a lesser extent, Tb.N
123
CHAPTER 3. INNOMINATE TRABECULAR MICROARCHITECTURE
 
Graph Builder
TbTh (mm) vs. BS/BV
BS/BV

















TbTh (mm) vs. BS/BV
Log10[BS/BV]






















Figure 3.12: Regression of Tb.Th v. BS/BV showing the data in absolute terms as depicted via a
polynomial regression performed on the raw data and by relative terms shown in a standard, log-
transformed, linear regression. Polynomial regression pictured here with 95% confidence intervals.
Note the inflated R-values that confirm these variables are essentially different forms of the same
measure with highly predictable relationships
In terms of allometric relationships across the entire sample, the results of this study suggest
that BV/TV, BS/BV and Tb.N scale positively with body size increase while DA, Tb.Th and Tb.Sp
scale inversely (Table 3.4). The positive allometry noted for BV/TV corroborates the findings
of a previous study based on the femur and humerus of various primate species (Ryan & Shaw,
2013), but the other parameters show opposite trends. A similar study conducted on a large sample
of mammals of vastly different body sizes (femur: Doube et al., 2011), and a small subset of
hominoids (vertebrae: Cotter et al., 2009), also found that Tb.N scaled with positive allometry.
The aforementioned hominoid study, corroborates this study in also finding an inverse relationship
between body size and both DA and Tb.Sp (Cotter et al., 2009).
When primate innominate trabeculae samples are examined separately in this study, BS/BV
continues to scale positively with body size while the rest evidence the same inverse relationship,
although BV/TV is very close to isometry given its slope values and confidence intervals (Table
3.5).These findings do not seem to support systemic patterns of trabeculae organization, at least
not across the hip joint complex, though such comparisons were not the focus of this study and
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Table 3.4: Table with allometric relationships for each morphometric vs. body size (acetabulum
length) across the entire sample.
Variable Slope 95% C.I. Intercept R2 P-value Allometry Isometry 
BV/TV .17 .09 .24 -0.88 .12 <.0001 + 0 
BS/BV -0.54 -.59 -.49 1.88 .74 <.0001 + -1 
Tb.N 1.73 -.41 -.30 4.01 .51 <.0001 + 0 
Tb.Sp .33 .24 .41 -0.78 .28 <.0001 - 1 
Tb.Th .54 .49 .59 -1.58 .74 <.0001 - 1 
DA -0.04 -0.07 -0.01 -0.13 .03 <0.05 - 0 
Positive allometry (+); negative allometry (-). Isometry column equals the regression slope anticipated if the relationship is isometric. 
 
Table 3.5: Table with allometric relationships for primate sample for indiviudal trabecular param-
eters vs. body size (acetabulum length)
Variable Slope 95% C.I. Intercept R2 P-value Allometry Isometry 
BV/TV 0.00 0.001 0.004 -.78 .16 <.0001 + 0 
BS/BV .51 -.57 -.45 1.84 .74 <.0001  + -1 
Tb.N 0.27 -.35 -.19 .533 .32 <.0001 + 0 
Tb.Sp .201 .101 .302 -.55 .15 <.0001 - 1 
Tb.Th .51 .446 .573 -1.55 .74 <.0001 - 1 
DA -.043 -.10 .009 -.158 .03 .12 - 0 
Positive allometry (+); negative allometry (-). Isometry column equals the regression slope anticipated if the relationship is isometric. 
 
have only recently been investigated in select taxa, namely Pan and Homo (Tsegai et al., 2018). In
humans, however, such a pattern has been uncovered in the femur, specifically the femoral head,
the medial condyle and within the tibia at both the proximal and distal ends, thereby warranting
further exploration into these potential species-specific trends albeit not recovered in the current
work (Saers et al., 2016).
Previous work has also found DA to be independent of body size in both primates (Fajardo et
al., 2013) and in large comparative mammalian samples encompassing a wide range of body sizes
(Doube et al., 2011; Barak et al., 2013) thus warranting further investigation into the allometric
relationships of this sample. All of the groups included in the sample fail to produce statistically
supported regressions or R2 values suggesting size independence for DA (Figure 3.13). BV/TV
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shows that the rodents (R2=.26) and treeshrew (R2=.30) samples having more of a size relation-
ship to these variables compared to primates (R2=.15) and marsupials (R2=.05). Interestingly, the
marsupials sample does not adhere to this general trend despite their vast size ranges and diverse
repertoires (R2=.005).
Graph Builder
MIL (DA) vs. Acetabulum Length (mm)
marsupial primate rodent treeshrew
Group
Log10[Acetabulum Length (mm)]















Y = -0.06438 - 0.05315*X
R²: 0.046
F(1,41)=1.97, PValue=0.1682
0.5 1.0 1.5 2.0
Y = -0.1518 - 0.04712*X
R²: 0.036
F(1,89)=3.28, PValue=0.0735
0.5 1.0 1.5 2.0
Y = -0.2531 + 0.07714*X
R²: 0.080
F(1,21)=1.83, PValue=0.1910
0.5 1.0 1.5 2.0





Figure 3.13: Log-log plot for DA vs. l acetabulum length for each group showing different rela-
tionships between size and the degree of anisotropy with their respective R-values and statistical
significance. Light blue shading represents 95% confidence intervals for the respective regressions.
To understand how other morphometrics like Tb.Th and Tb.N influence important metrics like
BV/TV, additional regressions were performed on different combinations of the parameters. These
log-log comparisons reveal a linear relationship for Tb.N vs. Tb.Th within primates (R2=.44; p-
value<.0001) that is absent among other groups (R2=<.009, p-value<0.005) (Figure 3.14 ). Saparin
(2011) noted that in the primate femur, BV/TV increases via expanding individual trabecular thick-
ness but not trabecular number in areas subjected to higher loads, whereas in this study, increases
in trabecular number have a tendency to result in decreases in trabecular thickness as evidenced
by a negative slope, despite its role as a joint that sustains both frequent and heavy loading. There
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is also a detectable relationship between Tb.Th and BV/TV, as marsupials (R2=.52) and primates
(R2=.24) and rodents (R2=.45) all have significant relationships between these variables while
treeshrews do not (p-value=0.13), though the treeshrew sample is notably small and thereby more
prone to statistical error (Figure 3.15).Therefore, it seems marsupials and rodents increase their
BV/TV mainly by increasing trabecular thickness. In terms of Tb.N and BV/TV, most groups do
not produce statistically supported correlations between these parameters and the one that does,
marsupials, only does so to a negligible extent (R2=.20, p-value=0.002).
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Figure 3.14: Log-transformed trabecular number (Tb.N) versus log-transformed trabecular thick-
ness (Tb.Th) for individual groups revealing relationships between these variables for primates.
Light blue shading represents 95% confidence intervals for the respective regressions.
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Figure 3.15: Log-transformed trabecular bone volume (BV/TV) versus log-transformed trabecular
thickness (Tb.Th) for individual groups revealing relationships between variables for primates,
rodents and marsupials samples but not for the treeshrews. Light blue shading represents 95%
confidence intervals for the respective regressions.
3.5.3 Fossil Applications
To validate the application of this method on fossil material, the extinct Pliocene-Pleistocene kan-
garoo species Sthenurus tindalei (AMNH 117493/SIAM 54) (Figure 3.16) was included in the
analyses as it is believed to have engaged in striding bipedalism based on features of its pelvis and
several proposed biomechanical limitations attributed to its exceptionally large body size (Janis et
al., 2014). Some species of Sthenurines are estimated to have reached 250 kg making them valu-
able to a comparative sample interested in the affect of body size on bipedalism. The sthenurines
as a group are also believed to have used orthograde postures while foraging from branches. The
specific species included in this study, Sthenurus tindalei is among the smaller species allocated
to this genus and although it possesses similar features to the others it shares noted features of its
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sacrolumbar region with extant Macropus (Wells & Tedford, 1995).
Sthenurus tindalei’s DA values (Figure 3.17) place it with in the range of extant saltatorial
species while its BV/TV values (Figure 3.18) position it closely to the ranges observed for salta-
tory taxa, striding bipeds, knuckle-walkers and terrestrial quadrupeds. It is only close to the mean
values presented for the knuckle-walkers in the sample. When a DFA is performed using BV/TV,
DA, Tb.Th, Tb.N and Tb.Sp Sthenurus shows support for placement within Petrogale lateralis (.24)
and Potorous (.16), though both have relatively low support and the analysis itself has a high mis-
classification rate at 37% (see supplementary materials). Petrogale lateralis, the black-flanked rock
wallaby, which although utilizing habitual saltatory locomotion, is also known to engage in sev-
eral unique behaviors including leaping, clambering and bounding (Horsup, 1994). It is therefore
possible that Sthenurus shared an equally diverse repertoire characterized by occasional saltatory
locomotion and substantial bounding behaviors, the latter being supported by its morphological
similarities with Potorous in 3D GM analysis (Webb, 2016 Figure 3.25). Interestingly, Wabularoo
naughtoni, a proposed ancestor of all macropods, shares many similarities with Potorous and is
postulated by some to have given rise to the Sthenurines thereby accounting for the noted pelvic
similarities (Archer, 1979; Travouillon et al., 2015). The resemblances in overall shape and tra-
becular characteristics to Potorous also implies a correspondence between external and internal
structures. Further, given that the phylogenetic ANOVA for the marsupials detected a phyloge-
netic signal, Sthenurus may represent a taxon that is equipped with a relatively primitive body plan
that is accodomodating a diverse locomotor repertoire that includes bouts of bipedalism (saltatorial
or striding) and quadrupedalism.
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Figure 3.16: Sthenurus tindalei (AMNH 117493/SIAM 54) in (a) anterior view with scale and (b)
the same specimen in a similar orientation as a micro-CT scan with the transparency set to reveal
the trabecular bone configuration.
130































Marsupial Sample  
Entire Sample  
Figure 3.17: Boxplots of Sthenurus tindalei (AMNH 117493/SIAM 54) MIL DA values rela-
tive to extant marsupial sample (top) and to the entire sample (bottom). Dashed line represents
Sthenurus values. AQ: aboreal quadrupeds, B: striding bipeds, C: climbers, H: saltatory, KW:
knuckle-walkers, S: suspensors, TQ: terrestrial quadrupeds, VCL: vertical clinger and leapers.
Note the overlap of the Sthenurus specimen with saltatorial individuals in the marsupials sample
and quadrupeds in the complete sample.
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Marsupial Sample  
Entire Sample  
Figure 3.18: Boxplots of Sthenurus tindalei (AMNH 117493/SIAM 54) BV/TV values relative to
marsupial sample (top) and the complete sample (bottom). AQ: aboreal quadrupeds, B: striding
bipeds, C: climbers, H:saltatory, KW: knuckle-walkers, S: suspensors, TQ: terrestrial quadrupeds,
VCL: vertical clinger and leapers. Note that Sthenurus falls just outside of the range of striding
bipeds and saltatorial taxa and within the ranges of knuckle-walkers and terrestrial quadrupeds.
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A DFA using locomotor mode as the classifiying variable groups Sthenurus as a saltator species
with a semi-orthograde posture (0.50), though support for classification as a terrestrial quadruped
is only slightly less (0.47) (see supplementary materials Figure 3.22). A 3D GM analysis based
on the external features of the isolated innominate including theSthenurus specimen, AMNH
11749/SIAM 84, has this species sharing a morphospace with Dendrolagus and Potorous while
also being identified as a saltatory in discriminate function analysis based on Procrustes coordi-
nates (Webb, 2016). Dendrolagus, the tree kangaroo, is a secondarily derived arboreal macropod
capable of decoupling the hind limbs making it able to use a striding gait. Unfortunately, it is
difficult to establish whether this resemblance is a retention of primitive morphologies or a func-
tionally relevant trait indicative of striding bipedalism. Its diverse postural repertoire, which is
reconstructed as having involved orthogrady while feeding on branches, may benefit from a more
isotropic arrangement as would suspensory animals navigating a complex arboreal environment
thus explaining the need for isotropic trabeculae at a critical loading site like the hip. However,
one could also argue that the retention of either a size-driven or phylogenetic influence on the
microarchitecture results in a pattern that does not reflect a functional signal.
3.6 Conclusions
There is a functional signal shaping the microarchitecture located superiorly to the acetabulum that
is evidenced by the noted convergence across groups for the trabecular measures DA and BV/TV.
However, the ability to distinguish between some locomotor modes and by general categories
(i.e., arboreal vs. terrestrial and bipedal vs. quadrupedal) across the sample is difficult due to
extensive overlap between the different modes and the noted phylogenetic influences associated
with body size that are found within the primate sample. In general, marsupials have higher DA
values relative to the primate sample that may be due to the inclusion of more terrestrial taxa in
the former group, though there are additional functional explanations, that appear independent
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of phylogenetic constraints (Figure 3.19). This could also be evidence of a larger phylogenetic
influence that may be driving some of the unexpected variability. Within primates, the terrestrial,
pronograde species of primates (i.e., Cercopithecus and Papio) are more anisotropic relative to the
other taxa, while in marsupials, the higher values are associated with the terrestrial Vombatus and
next with the saltatory species Thylogale and Petrogale. Thylogale is known to use quadrupedalism
more frequently compared to other macropods and the Petrogale is unique in that it resides in
highly unpredictable, rocky terrain that warrants specialized morhology required for scrambling,
bounding and leaping behaviors not typically used by other macropods (Barker, 1990; Horsup,
1994).
Interestingly, Homo, Pan and Gorilla are considerably less anisotropic than any other species
in the sample, thus suggesting either a phylogenetic influence, size driven trends, both at least par-
tially verified via the PGLS analyses, and/or repertoires that require more varied loading patterns
throughout the acetabulum region. Suprisingly, given that DA is believed to reflect the direction-
ality of habitual loading, humans should be highly anisotropic yet the opposite trend is observed.
Former studies have also found Pan to exhibit dense and isotropic trabecular patterns in the femur
relative to terrestrial species like Macaca and Papio who are generally more anisotropic, a finding
corroborated by this study (Ryan & Shaw, 2012). However, suspensory taxa such as Symphalan-
gus and Pongo have been found to have more isotropy in the center of the femoral head, which is
inconsistent with the results presented here, as suspensory taxa tend to exhibit DA values that are
comparable to the terrestrial species included in the study (Ryan & Shaw, 2012).
Previous studies that compare humans to other hominoids found them to be considerably more
anisotropic in terms of femoral trabeculae (Ryan & Shaw, 2015), unlike the humans in this sample
which constituted among the most isotropic values. Perhaps this could evidence a compensatory
relationship between the femur and hip, in which the femur directs the principal stresses in an
anisotropic manner while the hip counters this by dissapating force through a more isotropic dis-
tribution pattern throughout the acetabulum itself. There could be a contribution from muscle
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contractions that differ between the femur and pelvis, for instance, the muscles of the femur may
contract exclusively in the direction of weight bearing while in the pelvis important muscle vec-
tors could generate a broader, more complex contraction environment that results in more isotropic
trabeculae. Certain human populations also evidence substantial differences in BV/TV related to
increased sedentary lifestyles that could explain unusual patterning observed in other variables at-
tributed to metabolic processes, or that may also reflect specific differences unique to the human
sample used in this study (Ryan & Shaw, 2015; Chirchir et al., 2017). However, similarities of
the general orthogonal arrangement of the trabecular between chimpanzees and humans were also
noted in a previous study focused on the corpus of the ilium with the authors suggesting that de-
spite their vastly different locomotor and postural behaviors, the loading environment itself may be
similar among these taxa (Martinón-Torres, 2003). And previous studies have found this to be the
case in related structures like the vertebral column thereby adding credibility to this explanation
(Robson Brown et al., 2002).
Within the marsupial sample, Phascolarctos, Setonix and Macropus are among the more isotropic
species in the sample, with the first being a highly arboreal species engaging in vertical climbing,
the second also being documented as utilizing climbing behaviors, and with Macropus being a
large-bodied saltator that makes it difficult to assess whether the lack of trabecular anisotropy is
a result of varied loading behavior, larger body size and/or the fact that Macropus is highly spe-
cialized relative to other taxa given the soft tissue accomodations that maximize elastic energy
storage during salatory locomotion. The comparable mean values noted between bipedal humans
and the fossil Sthenurus may also suggest that being a large-bodied, potentially striding, biped
causes alterations to the trabecular microarchitecture designed to evenly distribute force across the
acetabulum. And because one common feature shared by these aforementioned species is their use
of varying degrees of orthogrady, their similar DA values may reflect their postural preferences
more than their locomotor mode.
Collectively, these findings address the main objectives of this study which include identify-
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ing convergence related to locomotor behavior across a diverse sample of mammals, identifying
allometric trends for commonly used morphometrics within different mammalian groups and for
investigating the presence of a phylogenetic signal on these morphological features. Therefore,
support was generated for several of the study hypotheses though not always adhering to the ex-
pected trends. For instance, the distinction between bipedal vs. quadrupedal taxa was possible via
mean values, seemingly confirming H2, though visual inspection of the distribution of variation
shows tremendous overlap that renders this measure ineffective for reliable locomotor classifica-
tion. Additionally, not all hind limb dominated forms of locomotion generated higher BV/TV
values as striding bipeds and the vertical clingers and leapers are significantly lower than many
of the arboreal taxa leading to the rejection of H1, which posed that their values would be higher.
This could also be an artifact of the limitations imposed by using a simplified locomotor classifi-
cation system. For instance, Dendrolagus is classified as a climber in this study but it is capable
of impressive leaps that may explain its unusually high BV/TV values compared to the rest of the
sample. Additionally, many of these arboreal species rely heavily on their hind limbs during ver-
tical climbing so additional behavioral data is needed to more accurately assess the extent of hind
limb use to further refine the hypotheses.
DA values were able to decipher some locomotor-related trends, though this was improved
substantially when postural and habitat categories were simultaneously considered eventually re-
sulting in partial support for H4. DA mean values were generally lower for the suspensory taxa
than for quadrupeds included in the sample, though they are not consistently lower than all ter-
restrial taxa and again, there is substantial overlap leading to the rejection of H5. As such, both
BV/TV and DA values are only marginally informative for understanding the frequency and func-
tional context of loads encountered by the pelvis, because although they detect differences, they
are not clearly attributed to a clear functional role given their inability to verify hypotheses based
on this notion.
The allometric component of this study elucidates several key relationships between the trabec-
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ular morphometrics and body size, with BV/TV being more correlated to size in the smaller taxa
(rodents and treeshrews) which confirms H2, though phylogenetic effects and inadequate sample
sizes for these groups may explain some of the observed variance. And despite their small body
sizes they do not necessarily resemble one another in their allometric trends making it more plausi-
ble phylogenetic influences are partly responsible for some of the variation. Lastly, H6 was also ac-
cepted, as Sthenurus consistently grouped with semi-orthograde saltatory individuals across most
of the analyses, though there was no appropriate striding bipeds to compare it to as humans have
noted gracility in terms of BV/TV that render them poor comparative referents (e.g., Chirchir et al.,
2017). Also, in discriminate function analyses conducted on locomotor mode, Sthenurus gener-
ated only slightly less support for placement as a quadruped. And the overlap with knuckle-walkers
and terrestrial quadrupeds for its BV/TV values make it difficult to assign a locomotor mode, es-
pecially since there was a body-size related phylogenetic trend driving primate microarchitecture
which could explain the values for knuckle-walkers. However, using the extant marsupial sample
as a comparative context, the mean values suggest that Sthenurus more closely approximates the
mean ranges for extant saltatorial species in terms of its DA values. Therefore, it is difficult to
rule out if Sthenurus was participating in saltatory locomotion but with a more primitive pelvis, as
this explanation would adequately explain some of the noted morphological variability. As such,
the complex interplay of various factors shaping microarchitecture make it difficult to isolate the
functional signal or to confidently infer locomotor capabilitiy.
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Figure 3.19: DA values mapped onto phylogeny to show relative relationship between taxa for









Variable Slope 95% C.I. Intercept R2 P-value Allometry Isometry 
BV/TV .002 -0.00 0.01 -.65 0.06 <.0001 + 0 
BS/BV .26 -.49 -.04 1.44 .12 <.05 + -1 
Tb.N .001 -.003 .0008 .212 .035 .22 + 0 
Tb.Sp .013 -.23 .255 .333 .00 .91 - 1 
Tb.Th .261 .03 .488 -1.13 .12 <.05 - 1 
DA -.053 -0.13 .023 -.064 .046 .16 - 0 






Variable Slope 95% C.I. Intercept R2 P-value Allometry Isometry 
BV/TV 0.01 0.003 0.024 -0.83 .28 .009 + 0 
BS/BV .83 -1.01 -0.65 2.17 .81 <.0001 + -1 
Tb.N .02 -.024 -.006 .571 .38 <.005 + 0 
Tb.Sp .42 -.077 .917 .969 .12 .09 - 1 
Tb.Th .83 .653 1.01 -1.877 .816 <.0001 - 1 
DA .077 -.042 .196 -.253 .079 .191 + 0 





Variable Slope 95% C.I. Intercept R2 P-value Allometry Isometry 
BV/TV -0.039 -0.09 0.02 -0.43 .28 .139 - 0 
BS/BV 0.06 -.75 .61 1.51 .008 .817 + -1 
Tb.N -.04 -0.08 -.004 .756 .49 <.05 - 0 
Tb.Sp .721 .141 1.31 -1.16 .55 <.05 - 1 
Tb.Th .043 -.667 .754 -1.20 .003 .887 - 1 
DA -.31 -.56 -.06 .123 .549 <.05 - 0 
Figure 3.20: Allometric trends for individual log-transformed morphometrics against acetabulum
length
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95% family-wise confidence level
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BV/TV 





























95% family-wise confidence level
Differences in mean levels of Mode
DA 
AQ: arboreal quadruped 
B: striding biped 
C: vertical climbing 
H: hoppers (saltators) 
KW: knuckle-walkers 
S: suspensory 
TQ: terrestrial quadruped 
VCL: vertical clinging and leaping 
Figure 3.21: Plots of Tukey post hoc tests based on the studentized range distribution showing
mean differences for DA and BV/TV versus locomotor mode and their respective 95% confidence
intervals.
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Row Actual SqDist(Actual) Prob(Actual)  -Log(Prob)   Predicted Prob(Pred) Others 
1 Suspensory 2.32554 0.9249 0.078 
 
 Suspensory 0.9249  
2 Suspensory 1.35770 0.9346 0.068 
 
 Suspensory 0.9346  
3 Suspensory 1.19497 0.9053 0.100 
 
 Suspensory 0.9053  
4 Suspensory 1.85828 0.8936 0.112 
 
 Suspensory 0.8936  
5 Suspensory 2.05115 0.9775 0.023 
 
 Suspensory 0.9775  
6 Suspensory 6.84006 0.9942 0.006 
 
 Suspensory 0.9942  
7 Saltator 2.14142 0.6514 0.429 
 
 Saltator 0.6514 Suspensory 0.16 TQ 
0.19  
8 Saltator 4.75943 0.7838 0.244 
 
 Saltator 0.7838 Suspensory 0.11 TQ 
0.11  
9 Saltator 3.03494 0.7417 0.299 
 
 Saltator 0.7417 Suspensory 0.11 TQ 
0.14  
10 Saltator 2.01641 0.3655 1.006 
 
* TQ 0.6082  
11 Saltator 6.58385 0.2597 1.348 
 
* Suspensory 0.4544 TQ 0.29  
12 Saltator 6.34844 0.4036 0.907 
 
* Suspensory 0.5808  
13 Saltator 31.52010 0.9891 0.011 
 
 Saltator 0.9891  
14 Saltator 6.45737 0.8655 0.144 
 
 Saltator 0.8655 Suspensory 0.12  
15 Saltator 5.64558 0.6933 0.366 
 
 Saltator 0.6933 TQ 0.28  
16 Saltator 5.94114 0.4913 0.711 
 
* Suspensory 0.4947  
17 Saltator 6.51867 0.3233 1.129 
 
* TQ 0.6749  
18 Saltator 7.89221 0.8605 0.150 
 
 Saltator 0.8605  
19 Saltator 1.70611 0.4417 0.817 
 
* TQ 0.5250  
20 Suspensory 4.69486 0.2383 1.434 
 
* Saltator 0.6757  
21 Suspensory 26.83897 0.9990 0.001 
 
 Suspensory 0.9990  
22 Suspensory 6.24378 0.2015 1.602 
 
* Saltator 0.7066  
23 Suspensory 5.29996 0.1208 2.113 
 
* Saltator 0.6668 TQ 0.21  
24 Saltator 9.69177 0.3233 1.129 
 
* TQ 0.6727  
25 Saltator 1.88845 0.5436 0.610 
 
 Saltator 0.5436 TQ 0.40  
26 Saltator 4.95815 0.3990 0.919 
 
* TQ 0.4179 Suspensory 0.18  
27 Saltator 8.26573 0.0421 3.167 
 
* Suspensory 0.9556  
28 Saltator 2.61284 0.5715 0.559 
 
 Saltator 0.5715 Suspensory 0.12 TQ 
0.31  
29 Saltator 1.64194 0.6587 0.417 
 
 Saltator 0.6587 TQ 0.31  
30 Saltator 1.51799 0.6049 0.503 
 
 Saltator 0.6049 Suspensory 0.12 TQ 
0.27  
31 Saltator 5.37512 0.7770 0.252 
 
 Saltator 0.7770 Suspensory 0.20  
32 Saltator 2.90044 0.5942 0.520 
 
 Saltator 0.5942 Suspensory 0.27 TQ 
0.13  
33 Saltator 3.99750 0.6148 0.487 
 
 Saltator 0.6148 TQ 0.37  




Saltator 0.4990 TQ 0.47  
35 Saltator 11.59886 0.9432 0.058 
 
 Saltator 0.9432  
36 Saltator 9.80309 0.9444 0.057 
 
 Saltator 0.9444  
37 Saltator 1.91153 0.8355 0.180 
 
 Saltator 0.8355 TQ 0.12  
38 Saltator 5.67744 0.2036 1.592 
 
* TQ 0.7937  
39 Saltator 9.08714 0.5526 0.593 
 
 Saltator 0.5526 Suspensory 0.14 TQ 
0.31  
40 TQ 2.15349 0.9609 0.040 
 
 TQ 0.9609  
Figure 3.22: DFA results for marsupial sample. Note Shenurus is classified as a saltator but also
shows support for classification as a quadruped.
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Figure 3.23: Primate Bayesian-based consensus tree used for phylogenetic analyses.
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Figure 3.24: Marsupial phylogeny generated from maximum likelihood consensus tree used for
phylogenetic analyses.
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Sthenurus 3D GM Study (Webb 2016): 
 
Complete AMNH 11749/SIAM 84 
innominate used in 3D GM analysis  


































Figure 3.25: Webb (2016) 3D GM study of Sthenurus tindalei AMNH 11749/SIAM 84
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Genus Species Common name n= Gait 
Macropus giganteus Eastern Grey Kangaroo 3 Bipedal 
Wallabia bicolor Swamp Wallaby 2 Bipedal 
Thylogale stigmatica Red-legged Padelmelon 4 Bipedal 
Thylogale billardierri Tasmanian Pademelon 4 Bipedal 
Petrogale inornata Unadorned Rock Wallaby 2 Bipedal 
Petrogale herberti Herbert’s Rock Wallaby 4 Bipedal 
Potorous tridactylus Long-nosed Potoroo 10 Bipedal 
Dendrolagus lumholtzi Lumholtz’s Tree kangaroo 10 Arboreal Quadruped 
Phascolarctos cinereus Koala 6 Arboreal Quadruped 
Trichosurus  vulpecula Common Bush-tailed Possum 16 Arboreal Quadruped 
Sarcophilus harrisii Tasmanian Devil 3 Terrestrial Quadruped 
Vombatus ursinus Common Wombat 4 Terrestrial Quadruped 
Setonix brachyurus Quokka 6 Terrestrial Quadruped 
                                                                                                                               Total: 72 
     
Figure 3.26: Webb (2016) 3D GM study details AMNH 11749/SIAM 84
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Figure 3.27: Webb (2016) 3D GM study: phylogenetic mapping
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Figure 3.28: Phylogeny used in 3D analysis of marsupials (Webb, 2016) based off of genetic




The Primate Pelvis: A Finite Element
Analysis
4.1 Abstract
The pelvis has always been central to discussions surrounding the evolution of bipedalism in pri-
mates given the assembly of adaptations required to prepare the body plan for such a novel form
of locomotion (Prost, 1980; Abitol, 1987; Lovejoy, 1988; Yak, 1991; Berge, 1986, 1984, 1994;
Ruff, 1998; Crompton et al., 1998; Hauesler, 2002; Lovejoy, 2005; Lovejoy, Suwa, Simpson, et
al., 2009; Kibii et al., 2011; Tardieu et al., 2017; Rosenberg & Desilva, 2017). Its position in
the postcranium exposes it to complex forces that arise from both the upper skeleton and those
generated and sustained by the hind limb, thereby making it essential to the performance of loco-
motor and postural behaviors. However, the ability to explicitly infer the biomechanical role of
This chapter is intended to be submitted for publication as a manuscript with the following co-authors: William
E.H. Harcourt Smith and Kristi L. Lewton. Harcourt-Smith provided access to the FEA and CAD software. Lewton
provided data in the form of CT scans and raw strain gauge data used for the validation study presented in this chapter.
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the pelvis morphology itself is difficult and would therefore benefit from the implementation of
more advance computational approaches like finite element analysis (FEA). However, such mod-
eling approaches require realistic input parameters, preferably from experimental studies, that are
not readily attainable. Additionally, the pelvis itself presents a series of unique challenges com-
pared with other anatomical elements, namely its complex geometry, the variability of both the
loading environment and the discontinuity of the trabecular versus cortical bone composition. Ex-
perimental approaches have proven invaluable for elucidating critical aspects of hip function in an
evolutionary context (Hammond, 2006; Lewton & Scott, 2017). But the simplifications required
for effective FEA modeling is difficult without informed insight regarding which parameters are
required to promote the most realistic outcomes. Fortunately, in vitro bone strain data exists for the
human pelvis (Petty et al., 1980; Lionberger et al., 1985; Finlay et al., 1986; Miles & McNamee,
1989; Ries et al., 1989; Bedzinski & Tyndyk, 2000) and is even now available for several primate
species (Lewton, 2015b). The ability to directly compare models with strain gauge experimental
data now allows the application of this method to an anatomical complex, and species, that were
previously underrepresented in the finite element literature.
4.2 Introduction
One method for understanding form-function relationships in evolutionary biology is to study the
skeleton’s response to loading which recently has been made possible via computer modeling.
FEA is a numerical tool that can be used to determine patterns of stress and strain by reducing a
physical structure into a series of geometrically simplified domains, a process referred to as dis-
cretization, and then solving them through differential equations (Richmond et al., 2005; Strait
et al., 2005).The resulting elements are represented as bricks (e.g., cubes), or tetrahedra, that are
linked by corresponding nodes, with tetrahedral elements being by far the most commonly used for
biological applications. This system of nodes represents a mesh that acts as the structure’s geome-
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try for which various conditions can be assigned to evaluate specific loading scenarios. Since FEA
requires force balancing, restraints are necessary to fix the object in space and prevent rigid body
motion prior to force application. When force is applied to the mesh, this network of nodes are
displaced, resulting in deformation that can then be quantitatively evaluated via several measures
including, principal strains, von Mises stress values, strain energy or total displacement. The defor-
mation these loads generate is described as strain (ε) and is defined as the change in length divided
by the original length (ε= x/L) (Curry, 2002). These calculations also incorporate material prop-
erties such as Young’s modulus and Poisson’s ratio, which approximate the rigidity of an elastic
material and the ratio longitudinal/axial strain to orthogonal/transverse contraction, respectively.
Finite element has recently become a valuable tool for the study of vertebrate evolution (e.g.,
Witzel and Preuschoft, 2005) including primates (e.g., Strait et al., 2005; Ross et al., 2010). Specif-
ically, it has allowed creative approaches for inferring hypothetical ancestors (Hodges, 2004), re-
constructing potential behaviors employed by fossil forms (Anderson et al., 2012) and for the study
of functional convergence in particular traits (Piras et al., 2012; Tseng, 2013; Tseng & Flynn, 2015;
Tseng & Wang, 2016). It offers a non-destructive means to evaluate the functional role of certain
anatomical structures which is a primary objective of functional morphologists. Yet, despite its
benefits, FEA modeling of the postcranium in vertebrates is relatively rare, including for regions
like the pelvis.
The pelvis is comprised of a bony structure that consists of a cortical shell filled with trabeculae
that is that is often described as a "sandwich" configuration. The cortical bone in this structure,
at least in humans, incurs forces around 50% higher relative to the underlying trabecular struc-
tures (Dalstra & Huiskes, 1991). To date, the human pelvis has been the focus of numerous FEA
modeling attempts that include an array of boundary conditions and geometry that feature both
intact pelvic girdles and isolated innominates with and without associated musculature (Goel et
al., 1978; Vasu et al., 1982; Pedersen et al., 1997; Oonishi et al., 1983; Rapperport et al., 1985;
Huiskes, 1987; Koeneman et al., 1989; Dalstra & Huiskes, 1991; Dalstra et al., 1993; Dalstra &
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Huiskes, 1995; Renaudin et al., 1993; Landjerit et al., 1992; Siggelkow et al., 2004; Majumder
et al., 2005; Anderson et al., 2005; Leung et al., 2009; Watson et al., 2015, 2017). Understand-
ing how loads are transferred through the hip has important clinical implications, so FEA studies
concerning the hip joint have been conducted almost exclusively to explore common pathologies
and/or the refinement of available prostheses for hip replacement procedures (e.g., Oonishi et al.,
1983; Dawson et al., 1999; Nadzadi et al., 2003; Jonkers et al., 2008; Tsouknidas et al., 2012) .
However, such studies have simultaneously shed light on the importance of constraints and bound-
ary conditions required to accurately model such a variable structure. Therefore, these studies have
simultaneously yielded results that would be useful in carrying out such analyses in a paleonto-
logical context, as models of the pelvis have yet to be attempted using FEA due to the lack of
appropriate validation in closely related taxa. In fact, FEA has only been investigated for a limited
sample of primate species (hominoids:Witzel, Preuschoft, & Sick, 2004; Panagiotopoulou, 2009;
Prado et al., 2016; old world monkeys: Ross et al., 2005; Kupczik et al., 2007, 2009; Strait, Rich-
mond, & Ross, 2002; Strait et al., 2007; Curtis, Kupczik, O’Higgins, Moazen, & Fagan, 2008;
Panagiotopouloua & Cobb, 2009; Panagiotopouloua, Kupczik, & Cobb, 2011; Panagiotopouloua
et al., 2017; Wang, Deschow, & Richmond, 2006; Wang et al., 2010, 2012; Nakashige, Smith, &
Strait, 2011; marmosets and tamarins:Dumont, Davis, Grosse, & Burrows, 2011). Unfortunately,
most of these attempts have been confined primarily to the cranium (see review in Rayfield, 2007).
Further, validation through the use of strain gauge studies is sparse in the literature despite the ben-
efits of supplying a more controlled environment for collecting data appropriate for comparison
with FEA results (e.g., Marinescu et al., 2005; Strait et al., 2007; Kupczik et al., 2007; Wang et al.,
2008; Ross et al., 2005).
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4.3 Objectives and Hypotheses
This FEA study three critical aims: 1.) to establish a means to evaluate the relevant modeling
parameters for accurately recreating the strain environment sustained by the pelvis in non-human
primates, 2.) to reconcile external and internal skeletal properties to elucidate their combined
functional role during loading and 3.) to provide the first validated non-human postcranial primate
FEA model.
The following hypotheses will be evaluated in this study:
H1: FEA models that include parameters meant to represent both cortical and trabecular bone will
more closely approximate the surface principal strains recorded for the experimental data because
both external and internal skeletal features work together as a system to mitigate stresses incurred
at the hip joint.
H2: Altering the cortical bone thickness in FEA models will have significant impacts on principal
strains distribution throughout the pelvis, as cortical bone plays an important functional role that
is evidenced by the presence of distinct buttressing and varying regional thickness.
H3: Constraining the model at the sacroiliac joint and/or the pubic symphyses will result in princi-
pal strains that depart from those observed in the experimental study, as published FEA models of
the human pelvis show constraints at these joints can have pronounced effects on model outcomes.
H4: Shell models will more closely approximate the experimental data compared with solid mod-
els, as the majority of stresses are distributed by the cortical bone of the pelvis, thereby making the
former a more realistic simplification.
H5: Assuming uniform cortical thickness will produce less accurate results than those that inte-
grate regional thickness differences throughout the pelvis, as these changes in thickness correspond
directly to the stresses sustained.
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4.4 Materials andMethods
4.4.1 Strain Gauge Data
CT data and the corresponding strain data was obtained from a previous experimental study carried
out on a cadaveric Macaca mulatta specimen (Lewton, 2015b) (supplementary data Figure 4.11
and 4.12). The specimen itself consisted of an intact pelvic girdle with the articulating femurs
and some lumbar vertebral elements (Figure 4.12). All soft tissue was removed to the exclusion of
ligamentous tissue and the hip joint capsule which were left intact during the loading experiment. A
total of 18 stacked rectangular rosette strain gauges (C2A-13-031WW-120: pre-attached leadwires,
120 Ohm resistance, approximately 7mm by 8 mm in total size) were adhered to the selected
regions of the ilium, ischium and pubis of the specimen (Figure 4.2) following standard protocols
for both site preparation and gauge adhesion. A more detailed discussion of specimen specifics
and the exact protocols implemented in the strain gauge aspect of the in vitro study are provided in
the original publication (Lewton, 2015b). Loads were applied to the femur in a vertical orientation
as an axial, static load for a duration of 20 seconds per load at incremental increases, though only
the highest load data is used in this study. A 20-channel data acquisition system (System 5000,
Model 5100B scanner; Vishay Micro-Measurements) was used for strain gauge calibration and
analog conversion was conducted by STRAINSMART software (Vishay Micro-Measurements).
The specimen was secured within a servohydraulic materials testing system (MTS 858 MiniBionix,
Minnesota, USA) via two rods embedded in the sacral vertebraes that were secured to a resin
block. This configuration was preferred as securing the specimen via the sacrum does not obstruct
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Fig 1. Macaca mulatta pelvis as segmented from CT scans obtained from strain study. The 
femur was segmented separately and merged with the articulated pelvis to form a 90 degree 





Figure 4.1: STL used to generate Mesh for FEA analysis with loading angle of hip depicted in the
experimental loading position
The specimen-specific FEA model i this stu y was based off of a female Macac mulatta
specimen with a known weight of 6.4 kg and a documented age of 9 years (Lewton,2015). The
original scan data was provided as a stack of DICOM images generated from a medical-grade GE
LightSpeed Pro 16 CT scanner housed at St. Joseph’s Hospital in Phoenix, Arizona. With a slice
thickness of 0.625mm, 0.55 mm pixel resolution, and a size of 512 x 512 pixels. Scans included
all of the specimens from the original study and therefore had to be manually segmented to isolate
the Macaca pelvis and its articulating femur. Poor scan quality only permitted successful segmen-
tation of the cortical bone, which was performed using VG Studio Max 2.2. Through the software
program Geomagic Studio 11.0 (Geomagic, Inc.) interpolative repairs were made to regions of
the mesh that were poorly represented due to discrepancies in surface representation attributed to
the aforementioned low resolution. This process includes hole-filling when warranted, correction
of inconsistencies in triangle aspect ratios and decimation to desired triangle elements per spec-
imen (~100,000-250,000). The models were oriented in the same position relative to the global
coordinate system to insure that loads could be applied as a vertical force to the desired surface in
154
CHAPTER 4. THE PRIMATE PELVIS: A FINITE ELEMENT ANALYSIS
Fig. 2 Strain gauge positions for in vitro study superimposed on mesh of Macaca mulatta specimen used in 
current study (redrawn from Lewton, 2015) 
Loaded side: 




Figure 4.2: Strain gauge locations used in the original in vitro study (Lewton,2015) and in the FEA
comparisons of this study
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Fig 3. illustration depicting the various combination of constraints/ loading scenarios evaluated in the study 
 
a b c d 
Figure 4.3: Model loading conditions and their constraints
a comparable manner. Corrected, and reoriented, scans were then exported to the Strand7 (G+D
Computing Pty Ltd, Sydney, Australia; ver. 2.4.6) software as a stereolithography surface, where
further refinement of the mesh was conducted to identify and remove problematic mesh elements
(i.e., sharp triangle edges, high aspect ratios). The meshes were then subjected to an automatic
cleaning process that removes extraneous nodes to produce a continuous three-dimensional sur-
face. This surface was then converted into a series of tetrahedral elements (4-noded) that were
subsequently compared in a convergence analysis (see supplementary materials Figure 4.13) to
assure that the adequate amount of elements were used to capture the behavior of the system using
the total strain energy (SE) of the model (S2). SE was also examined at the strain gauge locations
to insure the distribution throughout the pelvis was comparable. Further, visual inspection of heat
maps displaying von Mises stresses, a yield criteria used to assess ductile materials, were also con-
sulted to insure the suitability of the meshes. All models were solved using Strand7 on a desktop
Dell Precision T5810 (Windows 7 Professional 64-bit, Intel Xeon E5-1630 v3, 3.7 GHz CPU, 32
GB RAM). Solving time varied between models of differing resolution encompassing a range of 2
minutes to 3.5 hours. Boundary conditions for the intact pelvic girdle were placed where the speci-
men was originally secured by its sacrum in the experimental study via two threaded rods that were
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imbedded in a Bodin resin within the materials testing system (Lewton 2015). The restraints were
placed on the dorsal and ventral mesh surfaces to emulate the rods that penetrated both surface in
the actual experiment (Figure 4.3a, 4.3b, 4.3c). The restraints were fixed in all axes and placed
on the surfaces where the holes originally resided, though the holes were subsequently filled and
remeshed prior to modeling to form the water-tight mesh required for FEA. These restraints were
selected to recreate the experiment accurately and to avoid interfering with natural force distri-
bution that occurs across the various pelvic joints, namely to avoid artificial patterns attributed to
limiting degrees of freedom at relevant sites like the pubic symphysis or sacroiliac joints which
have been known to have marked effects in human FEA pelvic models (Dalstra & Huiskes, 1995;
Dalstra et al., 1995).
A combination of homogenous, isotropic solid and shell models were then used to compare
various parameters and boundary conditions directly to the strain data via comparing in-plane ε1
and ε2 principal strains (Table 4.1; Table 4.2). In the case of solid mesh models, 2D membrane
elements were assigned to regions of the 3D meshes at the same locations as the 18 strain loca-
tions used in the original study (Figure 4.2) to project 3D principal strains into the plane of the
gauge via the methods described in Bright & Rayfield (2011) . The selected areas were visually
identified and saved as a separate property type so that it could be imported into each model to
insure congruency between membrane nodes serving as virtual strain gauge proxies. Average ε1
and ε2 principal strains selected for the designated gauge site were calculated and compared to the
averages obtained in the experimental study.
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Table 4.1: Model boundary conditions, constraints and material properties for the individual mod-
els used in the analysis.
 
Individual Model Parameters/ Specifications 
Model Elements  Mechanical Properties Constraints Load Nodes Bricks/Plates 
A1 Solid Articulated pelvic girdle with 
attached femur. Holes from bolt 
left in mesh, pubic symphysis  
articulated 
(E=17 GPa; v=.3) 4 single nodal restraints placed 
within existing holes (8 total) 
preventing translation and 
rotation in all axes. 
65N, single node loaded on 
midshaft of femur 
128,762 576,172 
A2 Solid Articulated pelvic girdle with 
attached femur, no holes in 
sacrum, partial articulation at 
symphysis 
(E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of bolts used to secure 
specimen in experiment 
65N, single node loaded on 
midshaft of femur 
128,762 576,172 
A3 Solid Articulated pelvic girdle (E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
119,799 527,329 
A4 Solid 6-tetra Articulated pelvic girdle (E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
827,982 527,329 
A5 Solid Isolated innominate (E=17 GPa; v=.3) 10 single nodal restraints on 
auricular surface of ilium 
center of SI joint articulation 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
141,230 650,559 
B1 Shell Articulated pelvic girdle different thickness assigned to each 
property (see supplementary data) 
(E=17 GPa; v=.3) 
4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
112,741 Plates=225,490 
 
B2 Shell Articulated pelvic girdle uniform  thickness(1mm) assigned to each 
property 
(E=17 GPa; v=.3) 
4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
112,741 Plates=225,490 
B3 shell Isolated innominate Thickness (.5mm) 
(E=17 GPa; v=.3) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
590,092 Plates=l118,184 
B4 Shell Isolated innominate 
 
Different thickness assigned to individual 
property types (see supplementary) 
(E=17 GPa; v=.3) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
590,092 Plates=118,183 
C1 Shell/solid Articulated pelvic girdle 
 
Cortical bone (E=17GPa; v=.3; 
thickness=.62mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C2 Shell/solid Articulated pelvic girdle Cortical bone (E=18GPa; v=.3; 
thickness=.62mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C3 Shell/solid Articulated pelvic girdle Cortical bone (E=17GPa; v=.3, 
thickness=1.5mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C4 Shell/solid Articulated pelvic girdle Cortical bone (E=17GPa; v=.3, 
thickness=.7mm) 
Trabecular bone (E=2GPa ; v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
All models consist of 4-tetrahedral nodal elements unless specified otherwise under the ‘Model’ column. E= Young’s Modulus, or the elastic modulus; v= Poisson's ratio. N=Newtons. 
 
A4 Solid *10-tetra 
*All models consist of 4-nodal tetrahedral elements except A4 which was modeled using 10-nodal elements for comparative purposes. E= Young’s modulus, v= Poisson’s ratio and N=Newtons. 
Individual Model Parameters/ Specif at ons 
Model Elements  Mechanical Properties Constraints Load Nodes Bricks/Plates 
A1 Solid Articulated pelvic girdle with 
attached femur. Holes from bolt 
left in mesh, pubic symphysis  
articulated 
(E=17 GPa; v=.3) 4 single nodal restraints placed 
within existing holes (8 total) 
preventing translation and 
rotation in all axes. 
65N, single node loaded on 
midshaft of femur 
128,762 576,172 
A2 Solid Articulated pelvic girdle with 
a tached femur, no holes in 
sacrum, partial articulation at 
symphysis 
(E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surf ce, 2 on 
posterior) positioned over 
location of bolts us  to secure 
specimen in xperiment 
65N, single node loaded on 
midshaft of femur 
128,762 576,172 
A3 Solid Articulated pelvic girdle (E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
119,799 527,329 
A4 Solid 6-tetra Articulated pelvic girdle (E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
827,982 527,329 
A5 Solid Isolated innominate (E=17 GPa; v=.3) 10 single nodal restraints on 
auricular surface of ilium 
center of SI joint articulation 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
141,230 650,559 
B1 Shell Articulated pelvic girdle different thickness assigned to each 
property (see supplementary data) 
(E=17 GPa; v=.3) 
4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
112,741 Plates=225,490 
 
B2 Shell Articulated pelvic girdle uniform  thickness(1mm) assigned to each 
property 
(E=17 GPa; v=.3) 
4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
112,741 Plates=225,490 
B3 shell Isolated innominate Thickness (.5mm) 
(E=17 GPa; v=.3) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
590,092 Plates=l118,184 
B4 Shell Isolated innominate 
 
Different thickness assigned to individual 
property types (see supplementary) 
(E=17 GPa; v=.3) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
590,092 Plates=118,183 
C1 Shell/solid Articulated pelvic girdle 
 
Cortical bone (E=17 Pa; v=.3; 
thickness=.62 ) 
Trabecular bone ( =1   . ) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
s sis s erior aspect of 
rti l ti ) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C2 Shell/solid Articulated pelvic girdle Cortical bone (E=18 a; . ; 
thickne s=.62 m) 
Trabecular bone ( =1 GPa v= .2) 
  tr i ts ( 1 at SI joint 
i    at pubic 
i  erior aspect of 
i ) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pres ure (65N/Total Area) 
168,259 753,569 
C3 Sh ll/s lid Articul ted pelvic girdle Cortical bone (E=17GPa; v=.3, 
thickness=1.5mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded n face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C4 Shell/solid Articulated pelvic girdle Cortical bone (E=17GPa; v=.3, 
thickness=.7mm) 
Trabecular bone (E=2GPa ; v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
All models consist of 4-tetrahedral nodal elements unless specified otherwise under the ‘Model’ column. E= Young’s Modulus, or the elastic modulus; v= Poisson's ratio. N=Newtons. 
 
Individual Model Parameters/ Specifications 
Model Elements  Mechanical Properties Constraints Load Nodes Bricks/Plates 
1
. Holes from bolt 
left in mesh, pubic symphysis  
articulated 
. placed 
wi hin xisting holes (8 total) 
rev nting tr nslati  and 
r t i  in all axes. 
A2 Solid Articulated pelvic girdle with 
attached femur, no holes in 
sacrum, partial articulation at 
symphysis 
(E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of bolts used to secure 
specimen in experiment 
65N, single node loaded on 
midshaft of femur 
128,762 576,172 
A3 Solid Articulated pelvic girdle (E=17 GPa; v=.3)  i l  l restraints (2 on 
t ri r rf ,  on 
 siti ed over 
 f ring bolts fro  
 ri ent 
65N, loaded on face of lunate 
surface of acetabulum via global 
pres ure (65N/Total Area) 
1 9,799 527,329 
A4 So id 6-tetra Articulated pelvic girdle (E=17 GPa; v=.3)  l restraints (2 on 
 rf ,  on 
t i  siti ed over 
l ti  f ring bolts fro  
i i l ri ent 
65N, loaded on face of lunate 
surface of acetabulum via global 
pres ure (65N/Total Area) 
827,982 527,329 
A5 Solid Isolated i nominate (E=17 GPa; v=.3) 10 single nodal restraints on 
auricular surface of ilium 
center of SI joint articulation 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
141,230 650,559 
B1 Shell Articulated pelvic girdle different thickness assigned to each 
property (see supplementary data) 
(E=17 GPa; v=.3) 
4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
112,741 Plates=225,490 
 
B2 Shell Articulated pelvic girdle uniform  thickness(1mm) assigned to each 
property 
(E=17 GPa; v=.3) 
4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
112,741 Plates=225,490 
B3 shell Isolated innominate Thickness (.5mm) 
(E=17 GPa; v=.3) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
590,092 Plates=l118,184 
B4 Shell Isolated innominate 
 
Different thickness assigned to individual 
property types (see supplementary) 
(E=17 GPa; v=.3) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
590,092 Plates=118,183 
C1 Shell/solid Articulated pelvic girdle 
 
Cortical bone (E=17GPa; v=.3; 
thickness=.62mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C2 Shell/solid Articulated pelvic girdle Cortical bone (E=18GPa; v=.3; 
thickness=.62mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C3 Shell/solid Articulated pelvic girdle Cortical bone (E=17GPa; v=.3, 
thickness=1.5mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C4 Shell/solid Articulated pelvic girdle Cortical bone (E=17GPa; v=.3, 
thickness=.7mm) 
Trabecular bone (E=2GPa ; v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
All models consist of 4-tetrahedral nodal elements unless specified otherwise under the ‘Model’ column. E= Young’s Modulus, or the elastic modulus; v= Poisson's ratio. N=Newtons. 
 
Individual Model Parameters/ Specifications 
Model Elements  Mechanical Properties Constraints Load Nodes Bricks/Plates 
1      
 . Holes from bolt 
left in mesh, pubic symphysis  
articulated 
  .      placed 
wi hin existing holes (8 total) 
rev nting translation and 
r t ti  in all xes. 
,     
   
,  ,  
A2 Solid Articulated pelvic girdle with 
attached femur, no holes in 
sacrum, partial articulation at 
symphysis 
(E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of bolts used to secure 
specimen in experiment 
65N, single node loaded on 
midshaft of femur 
128,762 576,172 
A3 Solid Articulated pelvic girdle (E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
119,799 527,329 
A4 Solid 6-tetra Articulated pelvic girdle (E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of ecuring bolts fr m 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressur  (65N/Total Area) 
827,982 527,329 
A5 So id Isolated i nominate (E=17 GPa; v=.3) 10 single nodal restraints on 
uric lar surface of ili m 
center of SI joint articulation 
65N, loaded on face of lunate 
surface of acetabulum via global 
pres ure (65N/Total Area) 
141,230 650,559 
B1 Shell Articulated pelvic girdle different thickness assigned to each 
property (se  supplementary data) 
(E=17 GPa; v=.3) 
4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of ecuring bolts fr m 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressur  (65N/Total Area) 
112,741 Plates=225,490 
 
B2 Shell Articulated pelvic girdle uniform  thickness(1mm) assigned to each 
property 
(E=17 GPa; v=.3) 
4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
112,741 Plates=225,490 
B3 shell Isolated innominate Thickness (.5mm) 
(E=17 GPa; v=.3) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
590,092 Plates=l118,184 
B4 Shell Isolated innominate 
 
Different thickness assigned to individual 
property types (see supplementary) 
(E=17 GPa; v=.3) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
590,092 Plates=118,183 
C1 Sh ll/solid Articulated pelvic girdle 
 
Cortical bone (E=17GPa; v=.3; 
thickness=.62mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face f lun te 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C2 Shell/solid Articulated pelvic girdle Cortical bone (E=18GPa; v=.3; 
thickness=.62mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C3 Shell/solid Articulated pelvic girdle Cortical bone (E=17GPa; v=.3, 
thickness=1.5mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C4 Shell/solid Articulated pelvic girdle Cortical bone (E=17GPa; v=.3, 
thickness=.7mm) 
Trabecular bone (E=2GPa ; v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
All models consist of 4-tetrahedral nodal elements unless specified otherwise under the ‘Model’ column. E= Young’s Modulus, or the elastic modulus; v= Poisson's ratio. N=Newtons. 
 
Indivi ual Model Parameters/ Specifi ations 
Model Elements  Mechanical Properties Constr i ts Load Nodes Bricks/Plates 
A1 Solid Articulated pelvic girdle with 
attached femur. Holes from bolt 
left in mesh, pubic symphysis  
articulated 
(E=17 GPa; v=.3) 4 single nodal restraints placed 
within xisting holes (8 total) 
preventing translati  and 
r tation in all axes. 
65N, single node loaded on 
midshaft of femur 
128,762 576,172 
A2 Solid Articulated pelvic girdle with 
attache  femur, no holes in 
sacrum, partial articulation at 
symphysis 
(E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of bolts used to secure 
specimen in experiment 
65N, single node loaded on 
midshaft of femur 
128,762 576,172 
A3 Solid Articulated pelvic girdle (E=17 GPa; v=.3)  i l  l r tr i t  (   
t ri r s rf ,   
t ri r) iti  r 
lt  fr  
65 , loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
1 9,799 527,329 
A4 Solid 6-tetra Articulated pelvic girdle (E=17 GPa; v=.3) t    
 
 r 
lt  fr  
65 , loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
827,982 527,329 
A5 So id Isolated i nominate (E=17 GPa; v=.3) 10 single nodal restraints on 
uricular surface of ili m 
center of SI joint articulation 
65 , loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
141,230 650,559 
B1 Shell Articulated pelvic girdle different thickness assigned to each 
property (s e supplementary data) 
(E=17 GPa; v=.3) 
4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of ecuring bolts fr m 
o iginal experiment 
65N, loaded on face of lunate 
surface f acetabulum via global 
pressur  (65N/Total Area) 
112,741 Plates=225,490 
 
B2 Shell Articulated pelvic girdle uniform  thickness(1mm) assigned to each 
prop rty 
(E=17 GPa; v=.3) 
4 single nodal re traints (2 on 
nterior surf ce, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabul m via global 
pressure (65N/Total Area) 
112,741 Plates=225,490 
B3 shell Isolated i nominate Thickness (.5mm) 
(E=17 GPa; v=.3) 
 l r tr i t  (  t I j i t 
ti l ti    t i  
  t f 
65 , loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
590,092 Plates=l1 8,184 
B4 Shell Isolated innom nate 
 
Different thickness assi ned to individual 
property types (see supplementary) 
(E=17 GPa; v=.3) 
 t I j i t 
 i  
t f 
65 , loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
590,092 Plates=118,183 
C1 Shell/solid Articulated pelvic girdle 
 
Cortical bone (E=17 Pa; v . ; 
thickne s=.62 ) 
Trabecular bone (E=1 a  . ) 
 t I j i t 
    i  
i  i  t f 
rti l ti ) 
65 , loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C2 Shell/solid Articulated pelvic girdle Cortical bone (E=18 Pa; v . ; 
thickness=.62 ) 
Trabecular bone (E=1 Pa  . ) 
 al restrai ts (  at I j i t 
artic lati  a   at ic 
s sis s ri r s t f 
rti l ti ) 
65 , loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C3 Sh l/solid Articul ted pe vic girdle Cortical bone (E=17GPa; v=.3, 
thickness=1.5mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C4 Shell/solid Articulated pelvic girdle Cortical bone (E=17GPa; v=.3, 
thickness=.7mm) 
Trabecular bone (E=2GPa ; v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
All models consist of 4-tetrahedral nodal elements unless specified otherwise under the ‘Model’ column. E= Young’s Modulus, or the elastic modulus; v= Poisson's ratio. N=Newtons. 
 
Individual Model Parameters/ Specifications 
Model Elements  Mechanical Properties C nstraints Load Nodes Bricks/Plates 
A1 Solid Articulated pelvic girdle with 
attached femur. Holes from bolt 
left in mesh, pubic symphysis  
articulated 
(E=17 GPa; v=.3) 4 single nodal restraints placed 
within xisting holes (8 total) 
preventing tr nslati  and 
rotation in all axes. 
65N, single node loaded on 
midshaft of femur 
128,762 576,172 
A2 Solid Articulated pelvic girdle with 
attached femur, no holes in 
sacrum, partial articulation at 
symphysis 
(E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of bolts used to secure 
specimen in experiment 
65N, single node loaded on 
midshaft of femur 
128,762 576,172 
A3 Solid Articulated pelvic girdle (E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterior) positioned over 
location of securing bolts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
119,799 527,329 
A4 Solid 6-tetra Articulated pelvic girdle (E=17 GPa; v=.3) 4 single nodal restraints (2 on 
anterior surface, 2 on 
posterio ) positioned over 
location of securing bo ts from 
original experiment 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
827,982 527,329 
A5 olid Isolated inno inate (E=17 GPa; v=.3) 10 single nod l restraints on 
uri l  surface of ilium 
center of SI joint articulation 
65 , loaded on face of lunate 
surface of acetabulu  via global 
pres ure (65 /Total rea) 
141,230 650,559 
B1 Shell Articulated pelvic girdle different thickness assigned to each 
property (se supplementary data) 
(E=17 GPa; v=.3) 
4 single nodal restraints (2 on 
anterior surf ce, 2 on
posterior) positioned over 
location of ecuri g b lts fr m 
o iginal experime t 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressur (65N/Tota  Area) 
112,741 Plates=225,490 
 
B2 Shell rticulated pelvic girdle uniform  thickness(1mm) assigned to each 
property 
(E=17 GPa; v=.3) 
4 single nodal re traints (2 on 
anterior surface, 2 on 
posterior) positioned ov r 
location of securing bolts from 
original experiment 
65 , loaded on face of lunate 
surface of acetabulu  via global 
pressure (65 / otal rea) 
112,741 Plates=225,490 
B3 shell Isolated innominate Thickness (.5 ) 
(E=17 GPa; v=.3) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
590,092 Plates=l118,184 
B4 Shell Isolated innominate 
 
Different thickness assigned to individual 
property types (see supplementary) 
(E=17 GPa; v=.3) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
590,092 Plates=118,183 
C1 Shell/solid Articulated pelvic girdle 
 
Cortical bone (E=17GPa; v=.3; 
thickness=.62mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C2 Shell/solid Articulated pelvic girdle Cortical bone (E=18GPa; v=.3; 
thickness=.62mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C3 Shell/solid Articulated pelvic girdle Cortical bone (E=17GPa; v=.3, 
thickness=1.5mm) 
Trabecular bone (E=1 GPa v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
C4 Shell/solid Articulated pelvic girdle Cortical bone (E=17GPa; v=.3, 
thickness=.7mm) 
Trabecular bone (E=2GPa ; v= .2) 
2 nodal restraints ( 1 at SI joint 
articulation and 1 at pubic 
symphysis superior aspect of 
articulation) 
65N, loaded on face of lunate 
surface of acetabulum via global 
pressure (65N/Total Area) 
168,259 753,569 
All models consist of 4-tetrahedral nodal elements unless specified otherwise under the ‘Model’ column. E= Young’s Modulus, or the elastic modulus; v= Poisson's ratio. N=Newtons. 
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Table 4.2: Trabecular and cortical material properties used in FEA analyses with their original
source information. 
Material properties  
 Elastic modulus (E) Poisson's ratio (ν) Source info 
Cortical bone 17 GPa 0.3 Dalstra 1995 
 18 GPa 0.3 Anderson et al. 2005 
Trabecular bone 1 GPa; 2 GPa 0.2 Panagiotopoulou et al. 2010 
(macaque mandible) ; (Dalstra 
1993; Curry 2002) 
 
In models that included both cortical and trabecular bone, the cortical bone was assigned a
uniform thickness of .7mm which was calculated by taking the average thickness obtained directly
from CT image scans of the specimen using the measuring tool in ImageJ (Schneider et al., 2012) .
This study tested a range of cortical (17 GPa-18 GPa) and trabecular (1 to 2 GPa) bone parameters
in an effort evaluate the their influence on model outcomes (Table 2). Unfortunately, due to the
quality of the CT images trabecular bone parameters had to be simplified and modeled following
the protocol outlined Bright and Rayfield (2011), in which a shell model was positioned over
a solid mesh to act as the cortical bone while the underlying structure was assigned parameters
consistent with cancellous bone. The cancellous bone parameters were taken from the literature
and include both human and nonhuman primate estimates from the pelvis and the skull; the latter
was included because it was for the same species used in the study (Panagiotopouloua et al., 2017).
The use of both consistent cortical thickness and modulus parameters that are held constant have
proven successful for producing accurate models of the human pelvis, and therefore can be useful
for generating models in a comparative context (Dalstra et al., 1995). In fact, for the human pelvis,
high corroboration between experimental data and FEA is obtained when uniform thickness is
assigned, and the cortical and trabecular properties are modeled as isotropic (Dalstra et al., 1995).
For isolated innominate models, the restraints were placed at the sacroiliac joint and the pubic
159
CHAPTER 4. THE PRIMATE PELVIS: A FINITE ELEMENT ANALYSIS
symphysis, as they are the primary supports of the pelvis, and have been used and consequently
validated in human innominate models (Figure 4.3d) (Kaku et al., 2004; Cilinger et al., 2007).
At the suggestion of model parameters taken from the literature, the latter restraints were altered
to permit translation in medio-lateral axis to avoid unrealistic strain accumulation (Watson et al.,
2017). Just as in the originally in vitro strain study, a load of 65N was applied to the femur at a
90 degree angle relative to the pelvis to simulate the maximum substrate reaction forces sustained
during midstance. This load is derived from available force plate data collected for Macaca and is
meant to simulate a typical force load sustained during locomotion (Schmitt & Hanna, 2004; Hanna
et al., 2006). Finite element models were performed by applying the load as both a singular nodal
force and as uniform pressure across the femur without notable differences in the strain distribution
pattern leading to the eventual removal of the femur itself in subsequent models (Models A1, A2).
Further, when the load was applied directly to the acetabulum as uniform pressure it produced
similar results in terms of von Mises stress allocation. These simplifications are useful as they
make such modeling more applicable to work on fossil material which is unlikely to preserve
intact articulations of the hind limb to the pelvic girdle. Each model was assigned isotropic and
homogenous material properties for simplification and to isolate the effects of particular parameters
(Bright & Rayfield, 2011)(see Table 3).
4.5 Results
4.5.1 SolidModels
Solid models with varying material properties, mesh qualities and constraint parameters were in-
cluded in the study to test the extent of simplifications and their effects on model outcomes. In
general, the solid models (A1-A5) are far too stiff to permit direct comparisons with experimental
data between principal strain values, though strain ratios (εmax/εmin) broadly recreate the strain
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behavior for many gauge sites, particularly for models A1 and A2 (Figure 4.4). These models were
both loaded on the femur as opposed to applying the force directly unto the acetabulum and they
match the experimental data strain ratios for gauges 5, 6, 9, 12, 13, 15 and 17. When a model with
similar material properties/constraints is loaded directly unto the acetabulum as uniform global
pressure, there is greater compression observed at gauges 11 and 14, and substantially more ten-
sion at gauge 16. With the use of a model with more elements the excessive compression at 14
switches to pronounced tension. Given the anatomical position of gauge 14 next to the pubic sym-
physis, these unusual strain accumulations are likely attributed to unrealistic material properties
as this joint. Specifically, this joint was modeled with skeletal parameters despite its documented
elastic properties. Further, model A5, which is an isolated innominate differing solely by its single-
node fixed constraints at the sacroiliac joint and the superior aspect of the pubis symphysis, shows
much less variation at these sites suggesting that the complete pelvis models, which include pubic
symphyses that are partially to fully articulated, are not reflective of the true biological condition
present in this area. In addition, the maximum shear strain values for A5 most closely resemble
the experimental data in terms of patterning thus confirming that the assigned nodal constraints are
more realistic (Figure 4.4).
4.5.2 ShellModels
In an effort to best approximate the experimental data, a series of shell models were constructed
with varying degrees of thickness meant to simulate cortical bone distributions. These model-
ing attempts included those assigned uniform thickness ranging between .5mm- 1mm and models
that included varied mean-based thickness measures meant to correspond with the variation ob-
served throughout CT scans of the pelvis used in the study (see supplementary material Figure
4.14). Overall, the strain magnitudes were more comparable than for the solid models (Figure 4.5)
though still underestimated in areas of peak strains. The strain ratios were most comparable for
the complete pelvic models, B1 and B2, which showed congruency with the experimental data at
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Figure 4.4: Solid model strain ratios and max shear strains
gauges 5, 6, 7, 9, 12 and 16. B1 had region-specific attributes and B2 had a uniform thickness of
1mm. B1 has more accurate measures at gauge 6, though both are off by a considerable degree at
gauge 10 & 11. B1 is closer to the experiment for gauge 13, but not gauge 15. Collectively, this
suggests that generalizing the thickness parameters leads to discrepancies in particular regions,
namely those near the loading site and those associated with notable differences in thickness (i.e.,
the thinner bone in the pubis region and the robust buttressing of the ilium). Studies of the human
pelvis indicate that local thickness does introduce considerable variation and therefore must be in-
tegrated into FEA models and this notion is echoed in this study (Anderson et al., 2005). Further,
the models of isolated innominates (B3 and B4) do not evidence similarities in relative degrees of
tension versus compression showing how critical constraints are to reproducing a realistic strain
environment, especially on a hemipelvis (Figure 4.5 & Figure 4.9).
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Figure 4.5: Shell model strain ratios and max shear strains
4.5.3 CombinedModels
Despite major disparities in overall strain magnitudes the shell/solid models (C1-C4) are most
consistent with the experimental data in terms of principal strains, particularly model C4 (Figure
4.6-4.8). The C4 model was assigned uniform thickness that was slightly higher than the mean
value calcuated from the CT scans, while also representing the lower boundary of documented
human pelvis cortical data (.7 mm). The additional material properties were derived from a com-
bination of cortical bone parameters commonly used to model the human pelvis (E=17 GPa; v=.3)
and trabecular properties documented for non-human mammals ( E=2 GPa, v=.2). C4 shows gen-
eral congruency between the experimental strain gauges for gauge sites 3, 5-13, 17 and 18. In
fact, it is only those gauges that are situated within close proximity to the loading site that differ
substantially, with an overestimation of tension spanning several orders of magnitude for gauges
1, 2 and 4, though each gauge maintains a degree of compression at these sites still comparable
to the experimental data. These differences result in C4 having a slightly higher overall ε1 peak
strain value though the ε2 peak strain coincides with the means recovered in the in vitro experi-
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Figure 4.6: Combined model principal strains compared with experimental data
ment (Table 4.1). Further, peak shear strains are corroborated at several gauge locations (5-7, 9, 12,
13, 16and 17) (Figure 4.7) albeit to strain magnitudes that differ relative to the experimental data.
When strain ratios are examined, which offer insight into the comparability of relative deformation
patterns independent of strain magnitude, all of the shell/solid combination models indicate a sim-
ilar strain regime except for extreme variability at gauge 16 and to a much lesser extent at gauges
14 and 11 (Figure 4.7-4.8).
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Figure 4.7: Combined model strain ratios and maximum shear strains
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Figure 4.8: Combined model strain ratios without guage 16
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4.6 Conclusions
In terms of strain distribution as inferred by the resulting von Mises heat maps, most models ap-
pear relatively robust against subtle changes in loading conditions which is a favorable feature that
makes it amenable for use in paleontological investigations of hypothetical loading scenarios. The
combined models, however, are the most accurate for recreating the strain environments of the
experimental data and thereby support H1, though principal strain values are only corroborated
at select gauge sites making further refinement of these models necessary. In addition, despite
pronounced differences in strain magnitudes as inferred by maximum principal strains, the overall
strain environment is maintained and corroborates previous works (Dalstra & Huiskes, 1995; Lew-
ton, 2015b) thereby suggesting that despite the morphological complexity of the pelvis, it can be
reliably modeled and integrated into comparative studies even with substantial simplifications. In
general, like described in the work of Dalstra and Huiskes (1995), force is predominantly guided
through the ilium isthmus and the superior pubic ramus, and this seems consistent with the findings
of this study based on heat maps that show high strain values in these regions.
The assumption of homogenous material properties and uniform thickness also appear to be
acceptable simplifications as they corroborate the human pelvis FEA models with comparable
parameters in the literature (Dalstra & Huiskes, 1995). Further, this study demonstrates that shell
models can be somewhat informative for exploring general pelvic strain scenarios in the absence
of trabecular properties as they capture overall strain magnitudes better than solid models and in
some instances better than the combined models, thereby partially supporting H4 (see Figure 4.10).
Though this is not for all gauge sites, especially those positioned close to the loaded portion of the
ilium, so further work is needed to account for the disproportionately high tensile strains noted in
this region.
Cortical thickness, along with elastic modulus, have been found to be among the most impor-
tant parameters for validating FEA models of the human pelvis, as cortical modulus was more
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sensitive to changes compared with the trabecular (Anderson et al., 2005). The results of this study
also show the implications of using different simplifications and demonstrate that although peak
strains at certain gauges were similar in their relative proportions, those near the loading site re-
mained exceptionally high relative to the experimental data (Table 4.3). This coule be attributed
to the exclusion of the soft tissue joint capsule in the FEA models which probably dampen force
considerably and aid in better stress dissipation across the joint surface that was not adequately
captured via applying pressure directly to brick/plate faces. At least this has been found to be the
case in human pelvic FEA experiments (Ghosh et al., 2015). Further, Dalstra(1995) reported com-
parable discrepancies (~30%) in areas surrounding load locations and attributed them to unrealistic
assumptions in thickness as generalized models fail to take into account the localized adaptations
to regions incurring high stresses. Additionally, when comparing strain gauge data, which only
captures localized strain averages, it can be expected that results will differ to some extent since
FEA offers a more continous and complete characterization of the stress and strain environments.
In the context of this study, this descrepancy may imply the presence of complex strain scenarios
not recoverable by gauge data given the complicated geometry of the pelvis. Or, based on the
description of the original experimental study, the use of wet paper towels on the bone itself may
have changed the material properties of the specimen and was not adequately accounted for in the
FEA models. However, in general, uniform thickness proved to be a better option than using re-
gional thickness when accurate thickness measures can not be obtained because of limitations like
scan resolution. This makes it difficult to accept or reject H2 based solely on the findings of this
study. For the aformentioned reasons, more iterations of the various models should be explored
with these considerations in mind.
This study offers the first validated non-human primate pelvis FEA model and suggests that
boundary conditions that consider trabeculae separately from cortical bone are preferred, with the
cortical bone being assigned a thickness comparable to that published for humans. This provides
convincing support for both H1 and rejection of H2, though as previously mentioned, regional
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thickness may improve the models if thickness can be reliable extracted from the scan data. In
terms of material properties, a Young’s modulus of 17 GPa and a Poission’s ratio of .3 for cortical
bone yielded the highest degree of congruency with the experiment data, though this was still not
accurate across all gauge sites. A Young’s modulus of 2 GPa and a Poission’s ratio of .2 were the
most accurate for the trabecular parameters. These particular material properties were taken from
the literature and therefore indicate that published FEA work on the human pelvis could be a useful
resource for designing future pelvis models across broader comparative samples.
Future directions should include the exploration and integration of species-specific material
properties, musculature/ligaments and more realistic simulation of joints, especially the pubic sym-
physis given its documented significance (Volinski et al., 2018). Attempts to use constraints on the
isolated innominated did not corroborate the experimental data, confirming H3, that choosing re-
alistic model restraints is a difficult endeavor in the pelvis given the multiple articulation sites but
is pertinent to model accuracy. However, the solid model of the isolated innominate did produce a
comparable max shear strain pattern, suggesting that solid models perform better than shell models
when using constraints at the sacroiliac joint and not at the pubic symphysis (Figure 4.9). Further
refinement of trabecular/subchondral bone values was not possible in this study due to the CT scan
quality but improved resolution and area-specific trabecular parameters will undoubtedly improve
model outcomes.
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Figure 4.9: Shell model strain ratios and max shear strains for isolated innominates showing high
variation attributed to constraints at sacroiliac and pubic symphysis
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Table 4.3: Principal strains for C4 model compared to principal strains from experimental study
(Lewton, 2015).
  
Experimental Data Loading at 90° 
  ε1  ε2  γ 
 Gauge Mean SD |Max|   Mean SD |Max|   Mean SD Max 
 
1 6 21 34  -468 111 -615  474 92 586 
2 -86 3 -93  -145 20 -178  58 19 93 
3 181 45 223  -69 4 -77  250 47 300 
4 -128 18 -156  -714 153 -923  586 169 805 
5 341 122 504  -383 24 -419  724 146 922 
6 27 43 90  -491 59 -579  518 101 669 
7 603 219 918  -383 188 -661  986 407 1579 
8 549 204 842  -348 180 -620  897 384 1462 
9 124 19 145  -225 20 -252  350 38 387 
10 943 150 1120  -302 106 -464  1245 254 1584 
11 240 74 340  -155 33 -204  396 106 543 
12 167 47 235  -1984 589 -2827  2151 633 3043 
13 55 21 89  -402 120 -567  457 141 653 
14 270 141 475  -500 140 -693  770 279 1165 
15 136 27 164  -469 152 -695  605 178 853 
16 989 331 1464  -1237 382 -1766  2226 713 3230 
17 93 23 130  -224 83 -342  317 106 471 
18 132 27 182   -183 52 -260   315 79 440 
             
Model C4  Loading at 90° 
  ε1  ε2  γ 
                      
 Gauge Mean SD |Max|   Mean SD |Max|   Mean SD Max 
 
1 801 204 1128  -296 41 -367  1097 237 1494 
2 1601 196 1927  -485 47 -574  2086 235 2501 
3 335 31 400  -1999 246 -2335  2334 273 2734 
4 152 51 253  -259 29 -332  411 41 499 
5 322 51 412  -599 113 -803  921 108 1141 
6 32 10 52  -156 37 -218  188 45 261 
7 453 40 501  -528 12 -549  981 46 1049 
8 359 37 431  -372 17 -401  731 38 812 
9 76 10 92  -390 35 -448  466 31 512 
10 466 51 536  -102 11 -117  568 54 651 
11 1126 140 1361  -179 31 -226  1305 148 1548 
12 256 26 311  -1670 97 -1824  1926 113 2085 
13 44 11 67  -354 42 -438  398 45 505 
14 315 44 408  44 21 75  271 62 413 
15 -27 36 -97  -295 65 -423  268 94 443 
16 422 67 527  -3 16 -26  425 76 542 
17 76 9 95  -196 15 -223  272 19 311 
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Figure 4.10: Mean principal strains by model type. E=experimental data.
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4.7 SupplementaryMaterials
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The pelvis and femur structure is anchored at only two points: 
FIRST ANCHOR:  
The pelvis is anchored to a resin block (4) via bolts (5)  that are embedded in the resin and that are 
drilled through the body of the sacrum (which is covered in wet paper towels, (6).  
 
SECOND ANCHOR: 
The distal femur is embedded in resin (1) and has a rod (2) passing mediolaterally through it, which 
anchors it to the metal bracket (3) that is affixed to the load cell via nut and bolt. The sacroiliac joints, 
hip joints and the pubic symphysis are not fixed. 
Lewton, 2015 
Figure 4.11: Experimental setup for Lewton (2015) strain gauge study
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Figure 4.12: Photograph of Macaca mulatta specimen from Lewton (2015) strain gauge study
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Each error bar is constructed using ±Mesh.
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Figure 4.13: Convergence test results for mesh used in FEA study
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Shell Model -B1 
Description 
 
Assigned Thickness (average) 
1. Ilia .78 mm 
2. Acetabulum  with superior pubis .63 mm 
3. Pubis symphysis and ischiopubic ramus 
region 
.36 mm 
4. Ischium .60 mm 
5. Sacrum  .72 mm 
 







Assigned Thickness (average) 
1.Thin sections of iliac blade .38 mm 
2. Acetabulum and connected buttressing .95 mm 
3. Pubic symphysis .49 mm 
4. Ischial tuberosity 1.01 mm 
 
Figure 4.14: Allocation of different thickness parameters
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Figure 4.15: Image of von Mises heat maps for solid models A1 and A2
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Figure 4.16: Image of von Mises heat maps for solid models A3 and A4
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Figure 4.17: Image of von Mises heat map for A5 solid model
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Shell  Models 














Figure 4.18: mage of von Mises heat maps for solid models B1 and B2
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Model B4- isolated innominate with different thickness assigned to plate elements  
   
 
Figure 4.19: Image of von Mises heat maps for solid models B3 and B4
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Shell/ Solid Models 
C1- thickness based on specimen cortical bone average (Cortical E=17 GPa, v=.3; Trabecular E=1 GPa, v=.2)  
    
C2- thickness based on specimen cortical bone average cortical changed to E=18 GPa 
    
 Figure 4.20: Image of von Mises heat maps for solid models C1 and C2
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C3-thickness 1.5 mm (average from human pelvis data)   Cortical E=17 GPa, v=.3; Trabecular E=1 GPa, v=.2 
    
C4-thickness .7 mm (lower limit from human pelvis data) Cortical E=17 GPa, v=.3; Trabecular E=1 GPa, v=.2 
   
 





The collective intention of this work is to elucidate the individual contributions of phylogeny,
body size and adaptation in shaping primate pelvic morphology. Through examining overall pelvic
shape, the trabecular microarchitecture and the interaction of these structures simulated via finite
element modeling, a holistic approach to evaluating the form-function relationship in this biome-
chanically critical region is provided. Beyond the novel approach of considering morphology at
various levels, the work itself provides several original insights that directly benefit the field of pri-
mate functional morphology, especially as it pertains to locomotion. The results of each study are
discussed while highlighting their specific contributions to the existing literature and to addressing
the dissertation objectives.
Chapter two offers a comprehensive 3D geometric morphometric (3D GM) analysis of an ex-
tensive sample of extant primate species along with several important fossil taxa (i.e., Australop-
ithecus afarensis, Australopithecus africanus, Ardipithecus ramidus, Ekembo nyanzae), represent-
ing the most varied sample for a 3D GM pelvis analysis to date. This is also the first time that all of
these fossils taxa have been evaluated using 3D data in a comparative context that also considers
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the type and rate of evolution via fitting models to an Ornstein-Uhlenbeck process.
Results of the study found that pelvic morphology can be used to reliably distinguish between
terrestrial and arboreal extant taxa while identifying interesting allometric trends within hominoids.
This is supported by 2D trait-based analyses also performed in the study. Additionally, via a
combination of phylogenetic comparative approaches, the rate and nature of pelvic evolution was
assessed confirming that the pelvis is under selection and consequently is best explained via an
Ornstein−Uhlenbeck (OU) model of trait evolution. Further, the rate of evolution is relatively
quick with a half-life of just 8.79 my in the model with the lowest AICc score, indicating that shifts
between locomotor regimes can occur over a short evolutionary time span making the pelvis quite
adaptable, a notion echoed in the literature. Observations based on the various pPCAs show that
hominoid pelvic morphology occupies a morphospace very different to that of the remaining extant
sample, implying quick and large-scale adaptive transformations at the origin of the hominoids.
A Bayesian-based optimization approach used on the OU models recovered two critical regime
shifts including one before Ekembo and one at the origins of hominins, in which the relationship be-
tween acetabulum height and shape represented as combined linear measures (pubic length, lower
and lower ilium height, aspects of the ischium, iliac blade width and the retroauricular height)
significantly changes. These shifts in pelvic form likely had implications for the evolution of
bipedalism within the hominin lineage but future work is necessary to isolate the role of body size
in facilitating them as allometry within this group was recovered in the 3D GM analyses.
There is also a significant phylogenetic component driving pelvic morphology as 3D data was
used to construct cluster dendrograms that maintain accurate grouping at broad taxonomic levels
despite isolated instances of noted locomotor-based convergence. This has been found in compara-
ble studies performed in a sample of catarrhines only (Lycett & von Cramon-Taubadel, 2013). The
controversial Ardipithecus ramidus reconstruction groups as a sister taxon to Homo sapiens, with
high boot strap support when all PC scores are included. The fossil taxa included in the study re-
veal a morphological pattern that is consistent with current interpretations that have Ardipithecus as
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a transitional form encompassing features similar to both hominins and the African apes. In terms
of postulated locomotor regimes, the most supported OU model identifies a quadrupedal, prono-
grade, ancestor for all hominoids making the interpretations regading Ardipithecus more plausible.
However, recent analyses reveal that the mosaic features found in the Ardipithecus pelvis, namely
its elongated ischium, would not interfere with its climbing abilities although it aided in its use of
terrestrial bipedalism (Kozam et al., 2018). Further, the models performed in this study could be
driven by the unusual mosaicism of the fossil representatives and therefore require the inclusion
of more Miocee ape taxa to improve model performance. Interestingly, experimental kinematic
work performed on the pelvis and hind limbs of old world monkeys and apes, including humans,
revealed that the anatomical configurations in both groups produced kinematic results during walk-
ing trials positing that either body plan would have required comparable shifts in gait in order to
accommodate hominin bipedalism (O’ Neill et al., 2018). Therefore, it is becoming increasingly
clear that primates are capable of exploiting a variety of behaviors that can not be effectively ruled
out, or exclusively inferred by, a presence or absence of particular skeletal morphologies.
Chapter 3 examines the microarchitecture of the superior acetabulum/ilium region across a
broad comparative sample of therian mammals, revealing that degree of anisotropy (DA) and
BV/TV correlate with locomotor modes (Fajardo & Müller, 2001; Saparin et al., 2011; Ryan
& Shaw, 2012; Su et al., 2013; Shapiro, 2016) though not in a predictable or consistent ways that
allow accurate assesment based exclusively on the hip joint. BV/TV appears useful for differenti-
ating between mean values for arboreal and terrestrial taxa as well as bipedal versus quadrupedal
forms, though the overlap between categories limits practical use of these measures for inferring
fossil locomotion. The terrestrial taxa have higher density values (BV/TV), especially saltatorial
taxa that is likely attributed to the repetitive nature of the high impact forces sustained by the pelvis
in these taxa. Further, there are statistically supported relationships between postural preferences,
namely among marsupial and primate arboreal taxa, as mean values are comparable across ter-
restrial species regardless of posture. In general, the treeshrews and rodents evidence different
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relationships with these parameters thereby reiterating that they make poor comparative analogs, a
finding echoed in the literature (Barak et al., 2013) and in studies explicitly focused on bipedalism
using mice models (Foster et al., 2017). Independent of phylogeny, primates retain a functional
signal, though not for all locomotor groups as there is considerable overlap in locomotor reper-
toires that make the categories utilized in the study inadequate at differentiating locomotion at a
more nuanced level. Further, additional phylogenetically informed regressions against body size
conducting within primates, show that all of the trabecular parameters have a phylogenetic signal
relating to body size that is best characterized by a Brownian motion model. This finding, when
considered with the results revealed in Chapter 2, show that both external and internal skeletal fea-
tures are shaped by phylogenetic influences relating to body size that impede their use in locomotor
reference without adequate phylogenetic corrections.
This study was also the first to perform analyses on the microarchitecture of the Pleistocene
kangaroo species, Sthenurus tindalei, believed to have utilized a form of striding bipedalism
thereby justifying its inclusion in this work. Results show an trabecular arrangement compara-
ble to bipedal humans and suspensory taxa when a large comparative same is used, indicating
relatively isotropic orientations. Functionallythis may be beneficial for strain scenarios that re-
quire more varied loading, especially in larger-bodied taxa that most evenly distribute their weight
over a larger joint surface. However, marsupial-only comparisons indicate that Sthenurus is within
the ranges for those utilizing saltatory locomotion.
Chapter 4 is a FEA sensitivity and validation study of a macaque pelvis that uses experimental
strain gauge to evaluate the model parameters necessary for accurately recreating strain scenarios
sustained by the pelvis when loaded at a 90 degree hip angle meant to emulate mid-stance during
locomotion. It is the first validated non-humanprimate pelvis and therefore serves as an important
contribution, especially given the lack of vertebrate postcranial FEA studies in the existing liter-
ature. The results indicate that the most accurate models account for both trabecular (E=1 GPa,
v=.2) and cortical bone ( E=1700 MPa, v=.3) contributions, though only simplified models of both
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were used due the low resolution of the available scans. And although validation was obtained at
several gauge sites, the loaded areas showed much higher strain magnitudes that may suggest
that important bony adaptations (i.e., buttressing, dense subchondral bone, orthoscopic trabecular
loading) were not modeled accurately or that the loading environment itself was not realistic. This
descrepancy may be attributed tothe absence of soft tissue accommodations intended to dampen
forces at the joint. However, the general pattern of strain distributions was relatively consistent
in many models thereby offering encouraging results for those interested in pursuing further FEA
modeling of the pelvis.
This work, when considered in its entirety, shows corroboration of functional skeletal attributes
at different levels throughout the pelvis intended specifically to accommodate loading sustained
during locomotion. Results are complementary in nature, though suggestive of a complex inter-
play between body size, phylogeny and behavior that reinforce the importance of using a holistic
approach to understand pelvic morphology. Further, this work contributes to what is known about
compensatory mechanisms available to organisms faced with phylogenetic constraints and larger
body-sizes, as both have been isolated as factors found to correlate with the skeletal morphology.
The work conducted on both the external pelvic dimensions and the internal microarchitecture
show functional signals relating to locomotion and postural preference, though trends are not con-
sistent with functional explanations offered in the existing literature. Often times contradictory
relationships between these variables exists suggesting that there are additional factors influencing
trabecular bone can limit their predictive ability in inferring locomotor modes. However, the pelvis
also demonstrates that it a highly adaptive structure capable of supporting diverse locomotor reper-
toires, despite the phylogenetic constraints imposed on the region thereby validating its importance




A number of different, yet complementary, methods have been explored in this work, some of
which represent the more advanced modeling techniques available for functional morphologists
interested in primate locomotion. These methods, however, are in their infancy and leave consid-
erable room for improvement. And the recent advancements in both computational and scanning
abilities provide the opportunity to integrate different types of data that will hopefully lead to the
implementation of approaches that can expand on the themes explored in this work (Anderson et
al., 2011). Further, the integration of more fossil taxa would benefit this models tremendously by
adding to the variation within the sample, thereby refining their predictive potential for use on fos-
sil specimens. This is necessary given the extent of pelvic mosaicism and convergence evidenced
by the fossil record. With the advent of new methods, the hope is that more systematic sampling
protocols and more options for working with compromised scans/material will be introduced to
overcome some of the inherent difficulties associated with working with fossil remains.
FEA has only recently been used in the field of paleoanthropology and there is still a lack of
work on the postcranium despite its significance for understanding primate evolution (Rayfield,
2007). Future work should be geared at the refinement of the data encompassed within this disser-
tation by incorporating relevant muscles and ligaments into subject-specific models and by using
more complex parameters to represent the material properties found within the joints themselves.
For instance, the cartilage of the human hip joint has been found to have dramatic effects on the
contact pressure generated at this site (Anderson et al., 2010). Further, the integration of higher
resolution scans of relevant taxa is necessary to explicitly evaluate hypotheses relating to the in-
teractions between soft tissues, trabecular bone and the underlying subchondral bone at the artic-
ulation site that may have important consequences for model accuracy. There is also a need to
explore the effects of regional anisotropy throughout the pelvic trabeculae and validate this work
via consulting experimental data and/or direct mechanical testing data collected on closely related
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species (Strait et al., 2005). This is required to establish a definitive functional role for trabecular
bone, especially given the ongoing debate regarding its ability to accurately infer locomotor behav-
ior (see Kivell, 2016). Conducting similar validation work to that completed in Chapter 4 across
species of diverse locomotor repertoires could also elucidate aspects of the complex form-function
relationship and ultimately allow for realistic modeling of fossil taxa, both key future research ob-
jectives. Drawing from the medical literature, the use of dynamic modeling of the entire hip joint
complex could also prove useful, especially for those interested in simulating the more nuanced
biomechanical differences in bipedalism posited for different hominin species. Therefore, there is
a need for continued work on kinematic joint analyses, corroborated by detailed behavioral obser-
vations, based on extant primate taxa (Vereecke et al., 2011). Such data would open up extensive
possibilities for modeling locomotion. Methodologically, a more thorough integration of the vari-
ous methods employed in this work would offer new ways of quantifying FE models, specifically
using techniques like 3D GM (Pierce et al., 2008; O’Higgins et al., 2011). This is especially true
of the phylogenetic comparative methods, as they would benefit immensely from the inclusion of
different forms of 3D data. There are currently fewer phylogenetic methods for evaluating this type
of data despite its importance for capturing nuances in overall shape variation that is not always re-
coverable via traditional 2D measures. The work presented in this dissertation thus elicits an array
of potential future projects that will contribute to what is known about the biological complexity
behind form-function relationships within the primate pelvis.
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Taxa ID Museum Sex
Alouatta_palliata 240410 NMNH M
Alouatta_palliata 240406 NMNH M
Alouatta_palliata 240407 NMNH M
Alouatta_palliata 397108 NMNH M
Alouatta_palliata 397113 NMNH F
Alouatta_palliata 338104 NMNH F
Alouatta_palliata 282798 NMNH F
Alouatta_palliata 338106 NMNH M
Alouatta_palliata 338105 NMNH M
Alouatta_palliata 338109 NMNH M
Alouatta_palliata 258314 NMNH M
Alouatta_palliata 556134 NMNH M
Alouatta_palliata 397112 NMNH M
Alouatta_palliata 47268 MCZ F
Alouatta_palliata 47267 MCZ M
Alouatta_palliata 28735 MCZ F
Alouatta_palliata 47266 MCZ M
Alouatta_palliata 5149 MCZ M
Alouatta_palliata 431 U M
Alouatta_seniculus 132790 AMNH M
Alouatta_seniculus 69591 AMNH M
Alouatta_seniculus 30193 AMNH M
Alouatta_seniculus 42313 AMNH M
Ardipithecus_ramidus ARA-VP-6/500 Berkley F
Ateles_belzebuth 30192 AMNH M
Ateles_fusciceps 188135 AMNH F
Ateles_fusciceps 188140 AMNH M
Ateles_fusciceps 521041 NMNH M
Ateles_fusciceps 338112 NMNH M
Ateles_fusciceps 338116 NMNH F
Ateles_fusciceps 338111 NMNH F
Ateles_fusciceps 338115 NMNH M
Ateles_fusciceps 338113 NMNH F
Ateles_fusciceps 338114 NMNH F
Ateles_geoffroyi 5146 MCZ M
Ateles_geoffroyi 5145 MCZ F
Ateles_geoffroyi 62046 MCZ M
Australopithecus_afarensis AL288 AMNH F
Australopithecus_africanus STS14 AMNH F
Brachyteles_arachnoides 260 AMNH U
Bunopithecus_hoolock 80068 AMNH F
Bunopithecus_hoolock 112721 AMNH F
Bunopithecus_hoolock 112720 AMNH M
Bunopithecus_hoolock 83420 AMNH M
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Bunopithecus_hoolock 83422 AMNH M
Bunopithecus_hoolock 83416 AMNH F
Bunopithecus_hoolock 83415 AMNH M
Bunopithecus_hoolock 83413 AMNH M
Bunopithecus_hoolock 83417 AMNH M
Bunopithecus_hoolock 83419 AMNH F
Bunopithecus_hoolock 111092 AMNH F
Bunopithecus_hoolock 83425 AMNH F
Bunopithecus_hoolock 83423 AMNH F
Bunopithecus_hoolock 83427 AMNH M
Bunopithecus_hoolock 83426 AMNH M
Cebus_apella 133637 AMNH M
Cebus_apella 133622 AMNH M
Cebus_apella 133628 AMNH M
Cebus_apella 133815 AMNH M
Cebus_apella 133651 AMNH M
Cebus_apella 133622 AMNH M
Cebus_apella 133656 AMNH M
Cebus_apella 133674 AMNH F
Cebus_apella 133606 AMNH M
Cebus_apella 95759 AMNH F
Cebus_olivaceus 30195 AMNH M
Cebus_olivaceus 42319 AMNH M
Cebus_olivaceus 42884 AMNH M
Cebus_olivaceus 30200 AMNH M
Cebus_olivaceus 42873 AMNH F
Cercopithecus_albogularis 187390 AMNH M
Cercopithecus_albogularis 187375 AMNH F
Cercopithecus_mitis 52398 AMNH M
Cercopithecus_mitis 52402 AMNH M
Cercopithecus_mitis 52368 AMNH M
Cercopithecus_mitis 82415 AMNH F
Cercopithecus_mitis 82412 AMNH F
Cercopithecus_mitis 52410 AMNH F
Cercopithecus_mitis 52413 AMNH M
Cercopithecus_sp 187379 AMNH M
Cercopithecus_sp 187376 AMNH F
Chlorocebus_aethiops 397727 NMNH M
Chlorocebus_aethiops 16365 NMNH M
Chlorocebus_aethiops 398005 NMNH F
Chlorocebus_pygerythrus 216252 AMNH F
Chlorocebus_pygerythrus 216253 AMNH F
Chlorocebus_pygerythrus 216254 AMNH M
Chlorocebus_pygerythrus 452606 NMNH M
Chlorocebus_pygerythrus 452605 NMNH F
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Chlorocebus_pygerythrus 452602 NMNH F
Chlorocebus_pygerythrus 452596 NMNH M
Chlorocebus_pygerythrus 452609 NMNH F
Chlorocebus_pygerythrus 452610 NMNH M
Chlorocebus_pygerythrus 452597 NMNH F
Chlorocebus_pygerythrus 452611 NMNH M
Chlorocebus_pygerythrus 469905 NMNH M
Chlorocebus_pygerythrus 397712 NMNH M
Chlorocebus_pygerythrus 397727 NMNH M
Chlorocebus_pygerythrus 397627 NMNH F
Colobus_angolensis 52174 AMNH M
Colobus_angolensis 52151 AMNH M
Colobus_angolensis 52149 AMNH M
Colobus_angolensis 52142 AMNH F
Colobus_guereza 52241 AMNH F
Colobus_guereza 52240 AMNH M
Colobus_guereza 52229 AMNH M
Colobus_guereza 52223 AMNH F
Colobus_guereza 52206 AMNH M
Colobus_guereza 34706 AMNH F
Colobus_guereza 34704 AMNH F
Colobus_guereza 34705 AMNH F
Colobus_guereza 99468 AMNH F
Colobus_guereza 27711 AMNH M
Erythrocebus_patas 538311 NMNH M
Erythrocebus_patas 399317 NMNH M
Erythrocebus_patas 238072 NMNH M
Erythrocebus_patas 257013 NMNH F
Eulemur_fulvus_albifrons 31254 AMNH M
Eulemur_fulvus_albifrons 100528 AMNH M
Eulemur_fulvus_albifrons 100529 AMNH M
Eulemur_fulvus_albifrons 170717 AMNH F
Eulemur_fulvus_albifrons 170725 AMNH F
Eulemur_fulvus_albifrons 170726 AMNH F
Eulemur_fulvus_albifrons 170708 AMNH F
Eulemur_fulvus_albifrons 170728 AMNH F
Eulemur_fulvus_albifrons 170724 AMNH F
Eulemur_fulvus_albifrons 170723 AMNH F
Eulemur_fulvus_albifrons 170719 AMNH F
Eulemur_fulvus_albifrons 170705 AMNH F
Eulemur_fulvus_albifrons 170715 AMNH F
Eulemur_fulvus_albifrons 170749 AMNH F
Eulemur_fulvus_albifrons 170750 AMNH F
Eulemur_fulvus_albifrons 170755 AMNH F
Eulemur_fulvus_albifrons 170764 AMNH F
194
Eulemur_fulvus_albifrons 170760 AMNH M
Eulemur_fulvus_albifrons 170759 AMNH M
Gorilla_beringei 54092 AMNH F
Gorilla_beringei 54090 AMNH M
Gorilla_beringei 54091 AMNH F
Gorilla_beringei 54089 AMNH M
Gorilla_beringei 115609 AMNH M
Gorilla_gorilla_gorilla 23182 MCZ M
Gorilla_gorilla_gorilla 90289 AMNH M
Gorilla_gorilla_gorilla 90194 AMNH M
Gorilla_gorilla_gorilla 90290 AMNH M
Gorilla_gorilla_gorilla 54327 AMNH F
Gorilla_gorilla_gorilla 167340 AMNH F
Gorilla_gorilla_gorilla 167339 AMNH F
Gorilla_gorilla_gorilla 167338 AMNH M
Gorilla_gorilla_gorilla 167337 AMNH F
Gorilla_gorilla_gorilla 167336 AMNH M
Gorilla_gorilla_gorilla 167335 AMNH M
Gorilla_gorilla_gorilla 54356 AMNH F
Gorilla_gorilla_gorilla 54355 AMNH M
Gorilla_gorilla_gorilla 214103 AMNH M
Gorilla_gorilla_gorilla 81652 AMNH F
Gorilla_gorilla_gorilla 81651 AMNH M
Gorilla_gorilla_gorilla 201460 AMNH M
Gorilla_gorilla_gorilla 167347 AMNH F
Gorilla_gorilla_gorilla 69398 AMNH F
Gorilla_gorilla_gorilla 99.1/2055 AMNH-Anthro. F
Gorilla_gorilla_gorilla 99.1/1578 AMNH-Anthro. F
Gorilla_gorilla_gorilla 99/9425 AMNH-Anthro. M
Gorilla_gorilla_gorilla 99.1/1577 AMNH-Anthro. M
Gorilla_gorilla_gorilla 57482 MCZ M
Gorilla_gorilla_gorilla 29047 MCZ F
Gorilla_gorilla_gorilla 26850 MCZ F
Gorilla_gorilla_gorilla 23162 MCZ M
Gorilla_gorilla_gorilla 38326 MCZ F
Gorilla_gorilla_gorilla 29048 MCZ M
Gorilla_gorilla_gorilla 20043 MCZ F
Gorilla_gorilla_gorilla 29049 MCZ M
Gorilla_gorilla_gorilla 20038 MCZ M
Gorilla_gorilla_gorilla 20039 MCZ M
Gorilla_gorilla_gorilla 17684 MCZ F
Gorilla_gorilla_gorilla 38017 MCZ M
Gorilla_gorilla_gorilla 23160 MCZ M
Gorilla_gorilla_gorilla 62393 MCZ M
Gorilla_gorilla_gorilla 9313 MCZ M
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Gorilla_gorilla_gorilla 9312 MCZ M
Gorilla_gorilla_gorilla 9492 MCZ F
Hapalemur_griseus_griseus 170668 AMNH F
Hapalemur_griseus_griseus 170675 AMNH M
Hapalemur_griseus_griseus 170672 AMNH F
Hapalemur_griseus_griseus 170680 AMNH F
Hapalemur_griseus_griseus 170689 AMNH F
Hapalemur_griseus_griseus 170691 AMNH M
Homo_sapiens 98/187 AMNH M
Homo_sapiens 98/185 AMNH M
Homo_sapiens 98/182 AMNH M
Homo_sapiens 98/136 AMNH M
Homo_sapiens 98/135 AMNH M
Homo_sapiens 98/133 AMNH M
Homo_sapiens 98/132 AMNH F
Homo_sapiens 98/193 AMNH F
Homo_sapiens 98/116 AMNH F
Homo_sapiens 98/117 AMNH F
Homo_sapiens 98/99 AMNH F
Homo_sapiens 98/88 AMNH F
Homo_sapiens 98/315 AMNH F
Homo_sapiens 98/321 AMNH M
Homo_sapiens 98/59 AMNH M
Homo_sapiens 98/63 AMNH M
Homo_sapiens 98/64 AMNH M
Homo_sapiens 98/66 AMNH M
Homo_sapiens 98/71 AMNH M
Homo_sapiens 98/72 AMNH M
Homo_sapiens 98/85 AMNH M
Homo_sapiens 98/95 AMNH F
Hylobates_agilis 106580 AMNH F
Hylobates_agilis 103667 AMNH M
Hylobates_agilis 103665 AMNH F
Hylobates_agilis 103664 AMNH F
Hylobates_klossii 103345 AMNH M
Hylobates_klossii 103347 AMNH M
Hylobates_klossii 103346 AMNH M
Hylobates_klossii 49656 AMNH M
Hylobates_klossii 49657 AMNH M
Hylobates_lar 148202 AMNH F
Hylobates_lar 43064 AMNH M
Hylobates_lar 43063 AMNH F
Hylobates_lar 260590 NMNH F
Hylobates_lar 49463 NMNH M
Hylobates_lar 271047 NMNH F
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Hylobates_lar 395156 NMNH F
Hylobates_muelleri 32636 AMNH M
Hylobates_muelleri 151832 NMNH M
Hylobates_muelleri 151834 NMNH M
Hylobates_muelleri 151833 NMNH F
Hylobates_muelleri 151835 NMNH M
Hylobates_muelleri 151836 NMNH F
Hylobates_muelleri 154373 NMNH F
Hylobates_muelleri 154371 NMNH F
Hylobates_muelleri 151837 NMNH M
Hylobates_muelleri 154370 NMNH M
Hylobates_pileatus 297837 NMNH F
Hylobates_pileatus 347647 NMNH M
Indri_indri 44851 MCZ M
Indri_indri 100504 MCZ M
Indri_indri 100508 MCZ F
Lagothrix_lagotricha 188150 AMNH F
Lagothrix_lagotricha 188153 AMNH F
Lagothrix_lagotricha 188154 AMNH M
Lagothrix_lagotricha 188156 AMNH F
Lagothrix_lagotricha 188142 AMNH F
Lagothrix_lagotricha 188162 AMNH F
Lagothrix_lagotricha 399302 NMNH F
Lagothrix_lagotricha 538312 NMNH F
Lagothrix_lagotricha 397963 NMNH F
Lagothrix_lagotricha 399507 NMNH F
Lagothrix_lagotricha 395690 NMNH F
Lagothrix_lagotricha 397384 NMNH M
Lemur_catta 170740 AMNH M
Lemur_catta 170739 AMNH M
Lemur_catta 48192 AMNH F
Lophocebus_albigena 52596 AMNH F
Lophocebus_albigena 52598 AMNH M
Lophocebus_albigena 52609 AMNH M
Lophocebus_albigena 52603 AMNH M
Macaca_fascicularis 30620 AMNH F
Macaca_fascicularis 103661 AMNH F
Macaca_fascicularis 103659 AMNH M
Macaca_fascicularis 103654 AMNH F
Macaca_fascicularis 103649 AMNH M
Macaca_fascicularis 185134 AMNH F
Macaca_mulatta 83431 AMNH M
Macaca_mulatta 87278 AMNH F
Macaca_mulatta 43086 AMNH F
Macaca_mulatta 24008 NMNH M
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Macaca_mulatta 240011 NMNH M
Macaca_mulatta 397777 NMNH F
Macaca_mulatta 173813 NMNH M
Macaca_mulatta 253780 NMNH F
Macaca_nemestrina 106564 AMNH M
Macaca_nemestrina 28256 AMNH M
Macaca_nemestrina 11091/2795 AMNH F
Macaca_nemestrina 83433 AMNH M
Macaca_nemestrina 83434 AMNH M
Macaca_tonkeana 152907 AMNH M
Macaca_tonkeana 152908 AMNH F
Macaca_tonkeana 152905 AMNH M
Macaca_tonkeana 152906 AMNH F
Macaca_tonkeana 153401 AMNH M
Macaca_tonkeana 153402 AMNH M
Macaca_tonkeana 106563 AMNH M
Mandrillus_sphinx 89365 AMNH F
Mandrillus_sphinx 89364 AMNH M
Mandrillus_sphinx 89362 AMNH M
Mandrillus_sphinx 89361 AMNH F
Nomascus_concolor 87251 AMNH M
Nomascus_concolor 87253 AMNH M
Nomascus_concolor 542282 AMNH F
Nomascus_leucogenys 87252 AMNH M
Otolemur_crassicaudatus 216240 MCZ F
Otolemur_crassicaudatus 216244 MCZ M
Otolemur_crassicaudatus 216239 MCZ M
Otolemur_crassicaudatus 187365 MCZ M
Otolemur_crassicaudatus 216243 MCZ M
Otolemur_crassicaudatus 216242 MCZ M
Otolemur_crassicaudatus 187363 MCZ M
Otolemur_crassicaudatus 80800 MCZ F
Otolemur_crassicaudatus 80801 MCZ M
Otolemur_crassicaudatus 86405 MCZ F
Otolemur_crassicaudatus 86406 MCZ M
Pan_paniscus 38019 MCZ F
Pan_paniscus 38020 MCZ M
Pan_troglodytes_schweinfurthii 51394 AMNH M
Pan_troglodytes_schweinfurthii 51278 AMNH M
Pan_troglodytes_schweinfurthii 51381 AMNH M
Pan_troglodytes_schweinfurthii 51377 AMNH M
Pan_troglodytes_schweinfurthii 51393 AMNH M
Pan_troglodytes_schweinfurthii 201588 AMNH M
Pan_troglodytes_schweinfurthii 51202 AMNH M
Pan_troglodytes_schweinfurthii 51379 AMNH M
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Pan_troglodytes_schweinfurthii 51376 AMNH F
Pan_troglodytes_schweinfurthii 90291 AMNH M
Pan_troglodytes_schweinfurthii 90292 AMNH F
Pan_troglodytes_schweinfurthii 90293 AMNH M
Pan_troglodytes_schweinfurthii 54330 AMNH M
Pan_troglodytes_schweinfurthii 174860 AMNH F
Pan_troglodytes_schweinfurthii 174861 AMNH M
Pan_troglodytes_schweinfurthii 167346 AMNH M
Pan_troglodytes_schweinfurthii 167344 AMNH M
Pan_troglodytes_schweinfurthii 167342 AMNH M
Pan_troglodytes_schweinfurthii 167343 AMNH F
Pan_troglodytes_schweinfurthii 167431 AMNH M
Pan_troglodytes_schweinfurthii 89426 AMNH F
Pan_troglodytes_schweinfurthii 89353 AMNH M
Pan_troglodytes_schweinfurthii 89354 AMNH F
Pan_troglodytes_schweinfurthii 89351 AMNH F
Pan_troglodytes_schweinfurthii 89407 AMNH M
Pan_troglodytes_schweinfurthii 26847 MCZ F
Pan_troglodytes_schweinfurthii 48686 MCZ M
Pan_troglodytes_schweinfurthii 26849 MCZ F
Pan_troglodytes_schweinfurthii 20041 MCZ M
Pan_troglodytes_schweinfurthii 19187 MCZ M
Pan_troglodytes_schweinfurthii 10736 MCZ F
Pan_troglodytes_schweinfurthii 15312 MCZ F
Pan_troglodytes_schweinfurthii 23163 MCZ M
Pan_troglodytes_schweinfurthii 23167 MCZ F
Pan_troglodytes_schweinfurthii 23164 MCZ F
Papio_anubis 187369 AMNH M
Papio_anubis 51380 AMNH M
Papio_hamadryas 80796 AMNH M
Papio_hamadryas 52676 AMNH M
Papio_hamadryas 187369 AMNH M
Papio_hamadryas 802097 AMNH U
Papio_sp 82092 AMNH U
Papio_sp 82094 AMNH U
Piliocolobus_badius 54279 AMNH M
Piliocolobus_badius 52334 AMNH M
Piliocolobus_badius 52303 AMNH M
Piliocolobus_badius 52298 AMNH M
Piliocolobus_badius 52887 AMNH M
Piliocolobus_badius 52278 AMNH M
Pongo_pygmaeus 140426 AMNH M
Pongo_pygmaeus 28253 AMNH F
Pongo_pygmaeus 28252 AMNH M
Pongo_pygmaeus 49848 NMNH F
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Pongo_pygmaeus 49855 NMNH M
Pongo_pygmaeus 49859 NMNH M
Pongo_pygmaeus 49860 NMNH M
Pongo_pygmaeus 49864 NMNH M
Pongo_pygmaeus 49862 NMNH F
Pongo_pygmaeus 49853 NMNH F
Pongo_pygmaeus 49863 NMNH F
Pongo_pygmaeus 49851 NMNH F
Pongo_pygmaeus 49861 NMNH F
Pongo_pygmaeus 49965 NMNH F
Pongo_pygmaeus 49962 NMNH M
Pongo_pygmaeus 22937 NMNH F
Pongo_pygmaeus 270807 NMNH F
Pongo_pygmaeus 49967/145310 NMNH M
Pongo_pygmaeus 49965/145308 NMNH F
Pongo_pygmaeus 588109 NMNH F
Pongo_pygmaeus 49768 NMNH F
Pongo_pygmaeus 49958/145301 NMNH M
Pongo_pygmaeus 49961/145304 NMNH M
Pongo_pygmaeus 153823 NMNH M
Pongo_pygmaeus 37362 MCZ M
Pongo_pygmaeus 50960 MCZ M
Pongo_pygmaeus 37363 MCZ F
Pongo_pygmaeus 50958 MCZ F
Pongo_pygmaeus 37365 MCZ F
Trachypithecus_cristatus 101504 AMNH F
Trachypithecus_cristatus 106596 AMNH M
Trachypithecus_cristatus 106600 AMNH M
Presbytis_comata 1001CA AMNH M
Presbytis_melalophos 106606 AMNH F
Presbytis_melalophos 106599 AMNH M
Presbytis_sp 106276 AMNH M
Presbytis_sp 101505 AMNH M
Ekembo_nyanzae KNW-MW-13142 NYU-CSHO M 
Propithecus_diadema 44853 MCZ F
Propithecus_diadema 18741 MCZ F
Propithecus_diadema 16398 MCZ F
Propithecus_verreauxi 31255/18040 MCZ F
Propithecus_verreauxi 257141 MCZ F
Propithecus_verreauxi 170463 MCZ M
Propithecus_verreauxi 10633 MCZ M
Rhinopithecus_roxellana 268895 NMNH F
Rhinopithecus_roxellana 49659 NMNH F
Rhinopithecus_roxellana 268890 NMNH F
Rhinopithecus_roxellana 268894 NMNH F
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Rhinopithecus_roxellana 268893 NMNH F
Rhinopithecus_roxellana 268896 NMNH M
Rhinopithecus_roxellana 268887 NMNH M
Rhinopithecus_roxellana 268888 NMNH M
Symphalangus_syndactylus 106582 AMNH F
Symphalangus_syndactylus 106583 AMNH F
Symphalangus_syndactylus 106584 AMNH F
Symphalangus_syndactylus 395514 NMNH M
Symphalangus_syndactylus 519573 NMNH F
Symphalangus_syndactylus 49748 NMNH F
Symphalangus_syndactylus 49747 NMNH F
Symphalangus_syndactylus 49746 NMNH F
Symphalangus_syndactylus 49877 NMNH F
Symphalangus_syndactylus 271048 NMNH F
Theropithecus_gelada 354990 NMNH F
Theropithecus_gelada 319992 NMNH F
Theropithecus_gelada 240885 NMNH M
Theropithecus_gelada 305107 NMNH M
Trachypithecus_johnii 54523 AMNH F
Trachypithecus_johnii 70515 AMNH M
Trachypithecus_johnii 54760 AMNH M
Trachypithecus_johnii 70516 AMNH F
Trachypithecus_johnii 257005 NMNH M
Trachypithecus_obscurus 112976 AMNH F
Trachypithecus_obscurus 112977 AMNH M
Trachypithecus_phayrei 43078 AMNH M
Trachypithecus_phayrei 43081 AMNH M
Trachypithecus_phayrei 43072 AMNH M
Trachypithecus_phayrei 43070 AMNH F
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Appendix B: Canonical Variance Analysis Scores (3D GM)
ID Taxa CV1 CV2
538311 Erythrocebus patas -2.897 -3.432
399317 Erythrocebus patas -1.705 -1.597
238072 Erythrocebus patas -2.819 -2.403
257013 Erythrocebus patas -2.728 -3.985
268895 Rhinopithecus roxellana -0.457 -3.822
49659 Rhinopithecus roxellana 0.715 -4.741
268890 Rhinopithecus roxellana -0.021 -4.867
268894 Rhinopithecus roxellana -0.904 -4.784
268893 Rhinopithecus roxellana -0.124 -2.456
268896 Rhinopithecus roxellana 0.920 -2.925
268887 Rhinopithecus roxellana 0.363 -3.823
268888 Rhinopithecus roxellana 1.890 -2.003
354990 Theropithecus gelada -2.863 -0.207
319992 Theropithecus gelada -3.384 -0.805
240885 Theropithecus gelada -2.293 -0.932
305107 Theropithecus gelada -3.497 0.424
51394 Pan troglodytes schweinfurthii -3.555 1.828
51278 Pan troglodytes schweinfurthii -4.021 -0.432
51381 Pan troglodytes schweinfurthii -2.953 1.592
51377 Pan troglodytes schweinfurthii -3.459 1.028
51393 Pan troglodytes schweinfurthii -3.507 0.953
201588 Pan troglodytes schweinfurthii -2.997 -0.423
51202 Pan troglodytes schweinfurthii -4.830 0.031
51379 Pan troglodytes schweinfurthii -4.179 -0.063
51376 Pan troglodytes schweinfurthii -3.121 1.177
90291 Pan troglodytes schweinfurthii -2.218 0.796
90292 Pan troglodytes schweinfurthii -2.394 0.756
90293 Pan troglodytes schweinfurthii -3.488 0.911
54330 Pan troglodytes schweinfurthii -3.975 0.833
174860 Pan troglodytes schweinfurthii -3.793 0.879
174861 Pan troglodytes schweinfurthii -4.062 0.428
167346 Pan troglodytes schweinfurthii -4.223 -0.382
167344 Pan troglodytes schweinfurthii -2.299 0.001
167342 Pan troglodytes schweinfurthii -3.735 0.423
167343 Pan troglodytes schweinfurthii -2.777 0.170
167431 Pan troglodytes schweinfurthii 0.099 -0.566
89426 Pan troglodytes schweinfurthii -2.885 1.945
89353 Pan troglodytes schweinfurthii -2.983 0.338
89354 Pan troglodytes schweinfurthii -4.242 0.201
89351 Pan troglodytes schweinfurthii -2.702 0.999
89407 Pan troglodytes schweinfurthii -2.622 1.633
26847 Pan troglodytes schweinfurthii -2.073 -0.070
48686 Pan troglodytes schweinfurthii -2.140 -0.688
26849 Pan troglodytes schweinfurthii -2.238 0.714
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ID Taxa CV1 CV2
20041 Pan troglodytes schweinfurthii -2.597 0.862
19187 Pan troglodytes schweinfurthii -2.252 0.659
10736 Pan troglodytes schweinfurthii -3.081 0.239
15312 Pan troglodytes schweinfurthii -2.546 -1.086
23163 Pan troglodytes schweinfurthii -3.882 0.283
23167 Pan troglodytes schweinfurthii -2.618 0.443
23164 Pan troglodytes schweinfurthii -2.303 0.750
38019 Pan paniscus -2.466 1.389
38020 Pan paniscus -3.757 0.180
54092 Gorilla beringei -1.543 1.935
54090 Gorilla beringei -4.348 1.285
54091 Gorilla beringei -2.603 1.276
54089 Gorilla beringei -1.522 0.971
115609 Gorilla beringei -2.844 0.753
23182 Gorilla gorilla -2.887 0.122
90289 Gorilla gorilla -4.451 1.229
90194 Gorilla gorilla -3.437 0.308
90290 Gorilla gorilla -3.619 0.555
54327 Gorilla gorilla -4.411 0.742
167340 Gorilla gorilla -3.514 0.338
167339 Gorilla gorilla -2.160 1.399
167338 Gorilla gorilla -4.069 1.200
167337 Gorilla gorilla -2.961 1.123
167336 Gorilla gorilla -4.401 1.585
167335 Gorilla gorilla -3.102 1.383
54356 Gorilla gorilla -5.597 2.616
54355 Gorilla gorilla -4.459 2.462
214103 Gorilla gorilla -3.799 0.432
81652 Gorilla gorilla -4.244 -0.509
81651 Gorilla gorilla -3.817 0.171
201460 Gorilla gorilla -2.902 -0.125
167347 Gorilla gorilla -2.987 1.015
69398 Gorilla gorilla -3.592 1.463
99.1/2055 Gorilla gorilla -2.838 0.357
99.1/1578 Gorilla gorilla -3.975 -0.332
99/9425 Gorilla gorilla -2.244 0.011
99.1/1577 Gorilla gorilla -3.305 -0.385
57482 Gorilla gorilla -3.554 1.686
29047 Gorilla gorilla -2.705 1.240
26850 Gorilla gorilla -3.299 1.259
23162 Gorilla gorilla -2.517 0.632
38326 Gorilla gorilla -2.207 -0.017
29048 Gorilla gorilla -3.348 1.306
20043 Gorilla gorilla -2.889 0.388
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ID Taxa CV1 CV2
29049 Gorilla gorilla -4.263 0.800
20038 Gorilla gorilla -4.421 0.928
20039 Gorilla gorilla -3.568 0.439
17684 Gorilla gorilla -1.893 1.417
38017 Gorilla gorilla -2.681 0.311
23160 Gorilla gorilla -5.168 0.814
62393 Gorilla gorilla -5.562 1.944
9313 Gorilla gorilla -2.979 2.375
9312 Gorilla gorilla -3.101 1.014
9492 Gorilla gorilla -1.795 2.548
140426 Pongo pygmaeus -0.072 1.066
28253 Pongo pygmaeus -1.548 1.188
28252 Pongo pygmaeus 1.221 -0.053
49848 Pongo pygmaeus 0.729 0.114
49855 Pongo pygmaeus 0.908 0.608
49859 Pongo pygmaeus 0.677 1.115
49860 Pongo pygmaeus 1.095 0.245
49864 Pongo pygmaeus 2.590 1.529
49862 Pongo pygmaeus 2.030 0.672
49853 Pongo pygmaeus 3.644 -0.563
49863 Pongo pygmaeus 1.080 -0.165
49851 Pongo pygmaeus 0.436 -0.107
49861 Pongo pygmaeus 1.970 1.822
49965 Pongo pygmaeus 1.812 0.826
49962 Pongo pygmaeus 0.587 0.435
22937 Pongo pygmaeus 1.380 0.139
270807 Pongo pygmaeus 0.913 0.487
49967/145310Pongo pygmaeus 1.369 0.049
49965/145308Pongo pygmaeus 1.582 0.725
588109 Pongo pygmaeus 1.511 1.338
49768 Pongo pygmaeus 0.505 -0.246
49958/145301Pongo pygmaeus 0.590 -0.401
49961/145304Pongo pygmaeus -0.607 -0.287
153823 Pongo pygmaeus 0.234 -0.607
37362 Pongo pygmaeus 0.242 0.092
50960 Pongo pygmaeus 0.810 2.519
37363 Pongo pygmaeus 0.933 1.665
50958 Pongo pygmaeus 1.228 1.008
37365 Pongo pygmaeus 0.809 0.341
106580 Hylobates agilis 0.263 0.966
103667 Hylobates agilis 0.374 -0.110
103665 Hylobates agilis -0.296 0.185
103664 Hylobates agilis -0.346 -0.254
103345 Hylobates klossii 1.769 0.846
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ID Taxa CV1 CV2
103347 Hylobates klossii 0.879 0.668
103346 Hylobates klossii 1.879 1.541
49656 Hylobates klossii 1.666 0.109
49657 Hylobates klossii 1.363 0.623
32636 Hylobates muelleri 1.341 1.209
151832 Hylobates muelleri 1.591 -0.231
151834 Hylobates muelleri 2.052 1.769
151833 Hylobates muelleri 0.604 0.396
151835 Hylobates muelleri 2.126 0.471
151836 Hylobates muelleri 1.206 -0.109
154373 Hylobates muelleri 2.227 0.988
154371 Hylobates muelleri 2.662 0.560
151837 Hylobates muelleri 1.798 0.877
154370 Hylobates muelleri 2.214 0.287
297837 Hylobates pileatus 2.516 -1.156
347647 Hylobates pileatus 1.796 0.778
148202 Hylobates lar 0.468 2.387
43064 Hylobates lar 1.657 0.788
43063 Hylobates lar 0.439 -0.031
260590 Hylobates lar 2.283 0.015
49463 Hylobates lar 2.687 1.925
271047 Hylobates lar 2.130 0.695
395156 Hylobates lar 3.076 -0.369
87252 Nomascus leucogenys 0.265 0.660
87251 Nomascus concolor 1.248 0.703
87253 Nomascus concolor 2.051 1.618
542282 Nomascus concolor 0.655 -0.043
80068 Bunopithecus hoolock 1.757 0.104
112721 Bunopithecus hoolock 2.321 1.212
112720 Bunopithecus hoolock 2.488 0.630
83420 Bunopithecus hoolock 2.095 1.879
83422 Bunopithecus hoolock 1.173 0.718
83416 Bunopithecus hoolock 1.161 0.153
83415 Bunopithecus hoolock 0.751 0.896
83413 Bunopithecus hoolock 1.776 1.762
83417 Bunopithecus hoolock 0.895 1.346
83419 Bunopithecus hoolock 2.396 0.797
111092 Bunopithecus hoolock 1.271 0.056
83425 Bunopithecus hoolock 2.250 -0.240
83423 Bunopithecus hoolock 1.273 0.415
83427 Bunopithecus hoolock 0.592 0.495
83426 Bunopithecus hoolock 1.985 0.787
106582 Symphalanges syndactylus 2.198 0.995
106583 Symphalanges syndactylus 1.096 1.248
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ID Taxa CV1 CV2
106584 Symphalanges syndactylus 1.561 0.899
395514 Symphalanges syndactylus 1.604 -0.360
519573 Symphalanges syndactylus 2.187 1.325
49748 Symphalanges syndactylus 2.288 0.816
49747 Symphalanges syndactylus 1.434 0.976
49746 Symphalanges syndactylus 1.167 0.773
49877 Symphalanges syndactylus 0.751 0.405
271048 Symphalanges syndactylus 1.631 0.703
89365 Mandrillus sphinx -1.921 -0.762
89364 Mandrillus sphinx -1.930 0.335
89362 Mandrillus sphinx -1.685 0.234
89361 Mandrillus sphinx 0.371 0.157
80796 Papio hamadryas -1.542 -0.853
52676 Papio hamadryas -3.284 0.066
187369 Papio hamadryas -4.006 0.615
802097 Papio hamadryas -3.454 0.401
187369 Papio hamadryas -1.703 -0.488
51380 Papio anubis -1.065 1.724
82092 Papio anubis -1.675 -0.490
82094 Papio anubis -1.574 0.760
52596 Lophocebus albigena -2.013 -0.562
52598 Lophocebus albigena 0.255 0.229
52609 Lophocebus albigena 1.721 0.334
52603 Lophocebus albigena -0.634 0.259
152907 Macaca tonkeana -3.063 0.076
152908 Macaca tonkeana -0.853 0.786
152905 Macaca tonkeana -2.631 0.193
152906 Macaca tonkeana -1.816 0.312
153401 Macaca tonkeana -3.109 0.978
153402 Macaca tonkeana -3.050 1.485
106563 Macaca tonkeana -0.950 -1.283
106564 Macaca nemestrina -2.016 -0.530
28256 Macaca nemestrina -0.841 -0.246
11091/2795 Macaca nemestrina -2.985 0.401
83433 Macaca nemestrina -1.275 -1.610
83434 Macaca nemestrina -2.122 -1.600
30620 Macaca fascicularis 1.551 -0.374
103661 Macaca fascicularis -0.451 -0.591
103659 Macaca fascicularis -0.122 -0.482
103654 Macaca fascicularis 1.024 -0.249
103649 Macaca fascicularis 0.376 -0.613
185134 Macaca fascicularis 0.594 0.212
83431 Macaca mulatta 1.030 -1.556
87278 Macaca mulatta 0.891 -0.812
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ID Taxa CV1 CV2
43086 Macaca mulatta 0.693 -0.732
24008 Macaca mulatta -1.038 -3.385
240011 Macaca mulatta 0.308 -6.636
397777 Macaca mulatta -2.342 -5.586
173813 Macaca mulatta -0.671 -3.568
253780 Macaca mulatta 1.179 -5.365
52241 Colobus guereza 1.210 -0.189
52240 Colobus guereza 1.140 0.859
52229 Colobus guereza 1.052 -1.444
52223 Colobus guereza 1.307 0.423
52206 Colobus guereza 0.362 -1.918
34706 Colobus guereza 2.496 0.778
34704 Colobus guereza 2.534 -0.230
34705 Colobus guereza 1.856 0.397
99468 Colobus guereza 0.706 -0.275
27711 Colobus guereza 1.604 -0.062
52174 Colobus angolensis 1.820 -0.306
52151 Colobus angolensis 1.757 -0.121
52149 Colobus angolensis 0.135 -0.167
52142 Colobus angolensis 1.116 -0.870
54279 Piliocolobus badius 0.957 -0.566
52334 Piliocolobus badius -0.579 0.194
52303 Piliocolobus badius 1.067 -0.591
52298 Piliocolobus badius -0.956 0.855
52887 Piliocolobus badius 1.070 -0.168
52278 Piliocolobus badius 1.200 0.901
101504 Presbytis cristata 1.055 -0.591
106596 Presbytis cristata 1.050 1.322
106600 Presbytis cristata -0.047 1.745
106606 Presbytis melalophos 0.575 0.116
106599 Presbytis melalophos 0.162 -0.088
1001CA Presbytis comata 0.188 0.443
106276 Presbytis comata 0.394 0.203
101505 Presbytis comata -0.022 -0.559
54523 Trachypithecus johnii -0.669 1.403
70515 Trachypithecus johnii 0.717 0.558
54760 Trachypithecus johnii 0.588 0.232
70516 Trachypithecus johnii 1.349 -0.095
257005 Trachypithecus johnii 1.610 -0.514
112976 Trachypithecus obscurus 1.457 0.643
112977 Trachypithecus obscurus 1.633 1.178
43078 Trachypithecus phayrei -1.429 0.042
43081 Trachypithecus phayrei 0.574 0.164
43072 Trachypithecus phayrei 0.107 0.834
208
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43070 Trachypithecus phayrei 0.692 -0.751
216252 Chlorocebus pygerythrus -0.628 -3.454
216253 Chlorocebus pygerythrus -0.954 -2.574
216254 Chlorocebus pygerythrus -0.190 -2.351
452606 Chlorocebus pygerythrus 0.029 -2.444
452605 Chlorocebus pygerythrus -2.079 -4.710
452602 Chlorocebus pygerythrus -0.613 -2.211
452596 Chlorocebus pygerythrus 0.539 -2.665
452609 Chlorocebus pygerythrus -1.193 -4.204
452610 Chlorocebus pygerythrus -1.398 -3.893
452597 Chlorocebus pygerythrus -1.230 -4.283
452611 Chlorocebus pygerythrus -1.450 -5.045
469905 Chlorocebus pygerythrus 0.686 -3.322
397712 Chlorocebus pygerythrus -1.744 -2.666
397727 Chlorocebus pygerythrus -0.057 -2.685
397627 Chlorocebus pygerythrus -0.452 -4.475
397727 Chlorocebus pygerythrus -0.109 -4.054
16365 Chlorocebus aethiops -1.640 -3.525
398005 Chlorocebus aethiops -1.069 -4.854
187390 Cercopithecus albogularis -0.703 -2.522
187375 Cercopithecus albogularis -0.533 -1.274
187379 Cercopithecus mitis 0.067 -2.121
187376 Cercopithecus mitis 1.175 -0.342
52398 Cercopithecus mitis 0.703 -0.630
52402 Cercopithecus mitis 1.102 0.297
52368 Cercopithecus mitis 1.781 -0.839
82415 Cercopithecus mitis 1.874 -0.484
82412 Cercopithecus mitis 1.697 -0.641
52410 Cercopithecus mitis 1.681 -0.301
52413 Cercopithecus mitis 1.515 0.223
188150 Lagothrix lagotricha 1.116 1.599
188153 Lagothrix lagotricha 2.217 -0.001
188154 Lagothrix lagotricha 1.212 0.712
188156 Lagothrix lagotricha 1.308 0.154
188142 Lagothrix lagotricha 3.423 -0.559
188162 Lagothrix lagotricha 2.449 1.160
399302 Lagothrix lagotricha 2.475 0.923
538312 Lagothrix lagotricha 2.520 1.786
397963 Lagothrix lagotricha 2.348 -0.309
399507 Lagothrix lagotricha 1.663 0.541
395690 Lagothrix lagotricha 0.675 -0.163
397384 Lagothrix lagotricha 3.266 -0.266
260 Brachyteles arachnoides 1.379 0.120
188135 Ateles fusciceps 2.034 -0.812
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188140 Ateles fusciceps 2.333 0.771
521041 Ateles fusciceps 2.177 0.693
338112 Ateles fusciceps 1.499 0.487
338116 Ateles fusciceps 1.412 -0.595
338111 Ateles fusciceps 1.944 0.065
338115 Ateles fusciceps 0.784 1.770
338113 Ateles fusciceps 1.677 0.319
338114 Ateles fusciceps 0.378 1.382
5146 Ateles geoffroyi 2.838 1.331
5145 Ateles geoffroyi 2.452 0.807
62046 Ateles geoffroyi 1.925 0.763
30192 Ateles bezebuth 1.473 -0.077
30195 Cebus olivaceus 1.509 -0.158
42319 Cebus olivaceus 1.204 0.438
42884 Cebus olivaceus 0.841 0.368
30200 Cebus olivaceus 0.655 -0.421
42873 Cebus olivaceus -0.406 0.110
133637 Cebus apella 0.416 0.443
133622 Cebus apella 1.141 -1.115
133628 Cebus apella 0.218 -0.667
133815 Cebus apella 1.240 -0.156
133651 Cebus apella 1.543 -0.316
133622 Cebus apella 0.928 -0.970
133656 Cebus apella 1.017 -0.964
133674 Cebus apella 0.191 -0.514
133606 Cebus apella 0.486 -1.974
95759 Cebus apella 1.330 0.124
132790 Alouatta seniculus 2.589 -0.923
69591 Alouatta seniculus 1.648 -0.847
30193 Alouatta seniculus 1.723 -0.646
42313 Alouatta seniculus 1.779 -0.442
240410 Alouatta palliata 1.356 0.785
240406 Alouatta palliata 2.251 1.497
240407 Alouatta palliata 2.931 0.289
397108 Alouatta palliata 2.998 1.428
397113 Alouatta palliata 1.820 0.702
338104 Alouatta palliata 1.534 0.795
282798 Alouatta palliata 2.911 0.305
338106 Alouatta palliata 1.125 -0.070
338105 Alouatta palliata 2.643 0.973
338109 Alouatta palliata 2.197 0.578
258314 Alouatta palliata 2.313 0.719
556134 Alouatta palliata 0.993 0.839
397112 Alouatta palliata 1.375 0.140
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47268 Alouatta palliata 2.790 0.623
47267 Alouatta palliata 1.918 1.582
28735 Alouatta palliata 0.376 0.991
47266 Alouatta palliata 1.664 2.382
5149 Alouatta palliata 0.901 0.748
431 Alouatta palliata 1.982 0.630
44853 Propithecus diadema 1.024 -1.033
18741 Propithecus diadema 1.909 -2.101
16398 Propithecus diadema 0.928 -0.165
31255/18040 Propithecus verreauxi 1.342 0.853
257141 Propithecus verreauxi 0.807 0.460
170463 Propithecus verreauxi 0.644 0.710
10633 Propithecus verreauxi 0.573 3.013
44851 Indri indri 1.606 1.349
100504 Indri indri 2.122 0.873
100508 Indri indri 1.305 -0.629
216240 Otolemur crassicaudatus 1.413 0.776
216244 Otolemur crassicaudatus 0.053 2.136
216239 Otolemur crassicaudatus 3.079 0.275
187365 Otolemur crassicaudatus 2.482 -1.435
216243 Otolemur crassicaudatus 0.914 1.120
216242 Otolemur crassicaudatus 1.767 -0.885
187363 Otolemur crassicaudatus 1.451 0.453
80800 Otolemur crassicaudatus 4.066 0.425
80801 Otolemur crassicaudatus 2.377 0.437
86405 Otolemur crassicaudatus 3.121 1.339
86406 Otolemur crassicaudatus 2.059 1.554
170740 Lemur catta 0.135 -1.648
170739 Lemur catta 1.159 -1.183
48192 Lemur catta 1.797 -1.351
31254 Eulemur fulvus albifrons 1.586 0.407
100528 Eulemur fulvus albifrons 1.571 0.756
100529 Eulemur fulvus albifrons 1.976 -1.222
170717 Eulemur fulvus albifrons 1.228 -0.786
170725 Eulemur fulvus albifrons 1.549 0.785
170726 Eulemur fulvus albifrons 2.235 0.197
170708 Eulemur fulvus albifrons 1.108 -0.609
170728 Eulemur fulvus albifrons 1.985 0.337
170724 Eulemur fulvus albifrons 0.555 -2.012
170723 Eulemur fulvus albifrons 2.121 0.136
170719 Eulemur fulvus albifrons 2.743 0.503
170705 Eulemur fulvus albifrons 1.739 2.392
170715 Eulemur fulvus albifrons 1.835 -2.363
170749 Eulemur fulvus albifrons 0.824 0.179
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170750 Eulemur fulvus albifrons -0.376 1.789
170755 Eulemur fulvus albifrons 2.452 0.583
170764 Eulemur fulvus albifrons 1.739 0.530
170760 Eulemur fulvus albifrons 1.665 2.172
170759 Eulemur fulvus albifrons 2.723 -2.120
170668 Hapalemur griseus 2.179 -0.194
170675 Hapalemur griseus 1.882 -0.298
170672 Hapalemur griseus 2.354 -0.795
170680 Hapalemur griseus 1.745 0.004
170689 Hapalemur griseus 1.797 -0.166
170691 Hapalemur griseus 1.578 -0.313
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Appendix C: Principal Component Analysis Scores (3D GM) Non-phylogenetic
ID Taxa PC1 PC2 PC3 PC4 PC5 PC6 PC7
538311 Erythrocebus_patas -0.083 0.045 0.063 0.096 -0.002 0.010 -0.074
399317 Erythrocebus_patas -0.072 0.035 0.072 0.094 0.046 0.020 -0.075
238072 Erythrocebus_patas -0.074 0.043 0.103 0.108 0.023 -0.002 -0.044
257013 Erythrocebus_patas -0.082 0.034 0.051 0.058 0.020 0.004 0.012
268895 Rhinopithecus_roxellana -0.057 0.030 0.001 0.063 0.054 -0.004 -0.019
49659 Rhinopithecus_roxellana -0.048 -0.004 0.110 0.020 0.056 -0.018 0.031
268890 Rhinopithecus_roxellana -0.062 0.032 0.104 0.050 0.061 0.015 0.027
268894 Rhinopithecus_roxellana -0.056 0.055 0.070 0.068 0.041 0.013 0.018
268893 Rhinopithecus_roxellana -0.024 0.033 0.054 0.022 0.080 0.020 0.004
268896 Rhinopithecus_roxellana -0.059 0.034 0.058 0.044 0.018 -0.030 -0.017
268887 Rhinopithecus_roxellana -0.051 0.023 0.070 0.073 0.042 0.004 0.020
268888 Rhinopithecus_roxellana -0.036 -0.002 0.063 0.078 0.005 0.010 0.040
354990 Theropithecus_gelada -0.024 0.030 0.001 0.006 -0.012 0.015 0.000
319992 Theropithecus_gelada -0.002 0.029 0.004 -0.016 0.000 0.002 -0.029
240885 Theropithecus_gelada -0.061 0.067 0.005 0.009 0.028 0.011 -0.005
305107 Theropithecus_gelada -0.025 0.060 0.002 -0.042 0.001 0.043 -0.008
51394 Pan_troglodytes_schweinfurthii 0.076 -0.075 0.023 0.001 0.000 -0.051 0.015
51278 Pan_troglodytes_schweinfurthii 0.068 -0.049 0.068 0.007 -0.011 -0.023 0.028
51381 Pan_troglodytes_schweinfurthii 0.073 -0.055 0.046 0.007 -0.006 -0.028 0.023
51377 Pan_troglodytes_schweinfurthii 0.063 -0.044 0.035 0.030 0.018 -0.031 0.030
51393 Pan_troglodytes_schweinfurthii 0.059 -0.058 0.059 -0.007 -0.002 -0.029 0.011
201588 Pan_troglodytes_schweinfurthii 0.068 -0.067 0.050 0.002 -0.009 -0.038 0.013
51202 Pan_troglodytes_schweinfurthii 0.054 -0.083 0.047 -0.005 -0.005 -0.053 0.021
51379 Pan_troglodytes_schweinfurthii 0.065 -0.086 0.030 0.006 0.032 -0.036 0.011
51376 Pan_troglodytes_schweinfurthii 0.055 -0.068 0.009 0.000 0.016 -0.030 0.007
90291 Pan_troglodytes_schweinfurthii 0.077 -0.086 0.046 -0.026 0.011 -0.047 0.015
90292 Pan_troglodytes_schweinfurthii 0.067 -0.061 0.031 -0.003 0.037 -0.022 0.020
90293 Pan_troglodytes_schweinfurthii 0.067 -0.049 0.041 -0.011 0.002 -0.031 0.011
54330 Pan_troglodytes_schweinfurthii 0.074 -0.036 0.058 -0.007 0.010 -0.026 0.011
174860 Pan_troglodytes_schweinfurthii 0.079 -0.103 0.058 -0.005 0.046 -0.055 0.013
174861 Pan_troglodytes_schweinfurthii 0.084 -0.069 0.066 0.008 0.023 -0.038 0.025
167346 Pan_troglodytes_schweinfurthii 0.083 -0.043 0.064 0.030 0.033 -0.054 0.024
167344 Pan_troglodytes_schweinfurthii 0.062 -0.098 0.056 -0.012 -0.012 -0.012 0.019
167342 Pan_troglodytes_schweinfurthii 0.075 -0.092 0.081 -0.008 0.004 0.001 0.020
167343 Pan_troglodytes_schweinfurthii 0.047 -0.041 0.041 -0.008 0.024 -0.051 0.016
89426 Pan_troglodytes_schweinfurthii 0.048 -0.079 0.021 -0.007 0.003 -0.052 0.021
89353 Pan_troglodytes_schweinfurthii 0.031 -0.056 0.058 -0.007 -0.017 -0.027 0.017
89354 Pan_troglodytes_schweinfurthii 0.086 -0.061 0.043 -0.011 0.043 -0.033 -0.006
89351 Pan_troglodytes_schweinfurthii 0.047 -0.067 0.023 0.006 0.018 -0.047 0.009
89407 Pan_troglodytes_schweinfurthii 0.049 -0.065 0.036 -0.011 -0.018 -0.032 0.004
26847 Pan_troglodytes_schweinfurthii 0.076 -0.050 0.048 -0.021 0.003 -0.014 0.006
48686 Pan_troglodytes_schweinfurthii 0.051 -0.049 0.039 0.011 0.016 -0.025 0.022
26849 Pan_troglodytes_schweinfurthii 0.075 -0.047 0.014 0.022 0.015 -0.015 0.031
20041 Pan_troglodytes_schweinfurthii 0.065 -0.071 0.081 0.007 0.024 -0.006 -0.002
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19187 Pan_troglodytes_schweinfurthii 0.050 -0.042 0.043 -0.016 0.006 -0.017 0.004
10736 Pan_troglodytes_schweinfurthii 0.049 -0.077 0.045 -0.003 -0.003 -0.038 0.035
15312 Pan_troglodytes_schweinfurthii 0.062 -0.064 0.035 -0.013 0.034 -0.035 0.008
23163 Pan_troglodytes_schweinfurthii 0.074 -0.033 0.080 0.012 -0.013 -0.017 0.025
23167 Pan_troglodytes_schweinfurthii 0.018 -0.035 0.037 0.003 0.040 -0.020 0.022
23164 Pan_troglodytes_schweinfurthii 0.063 -0.058 0.073 0.022 0.027 -0.013 0.005
38019 Pan_paniscus 0.022 -0.071 0.050 0.006 0.001 -0.028 0.003
38020 Pan_paniscus 0.037 -0.052 0.059 0.000 -0.035 -0.014 0.008
54092 Gorilla_beringei 0.122 -0.041 0.005 -0.017 -0.027 0.024 -0.025
54090 Gorilla_beringei 0.152 -0.018 0.061 -0.004 -0.028 0.008 -0.027
54091 Gorilla_beringei 0.152 -0.030 0.026 -0.001 -0.018 -0.001 0.001
54089 Gorilla_beringei 0.145 -0.059 0.025 -0.012 -0.038 0.067 -0.038
115609 Gorilla_beringei 0.106 -0.029 0.076 -0.005 -0.021 -0.029 -0.015
23182 Gorilla_beringei 0.157 -0.028 0.024 0.001 -0.002 0.031 -0.098
90289 Gorilla_gorilla_gorilla 0.181 -0.046 0.059 0.009 -0.052 -0.001 0.008
90194 Gorilla_gorilla_gorilla 0.140 -0.056 0.043 0.006 -0.044 -0.025 0.010
90290 Gorilla_gorilla_gorilla 0.139 -0.073 0.058 -0.004 -0.038 0.005 -0.013
54327 Gorilla_gorilla_gorilla 0.194 -0.043 0.078 -0.009 -0.043 0.031 0.009
167340 Gorilla_gorilla_gorilla 0.193 -0.060 0.072 -0.005 -0.050 0.014 0.020
167339 Gorilla_gorilla_gorilla 0.143 -0.036 0.057 -0.001 -0.019 0.006 0.002
167338 Gorilla_gorilla_gorilla 0.137 -0.028 0.059 0.001 -0.043 0.000 0.010
167337 Gorilla_gorilla_gorilla 0.134 -0.062 0.056 -0.017 -0.041 -0.042 -0.005
167336 Gorilla_gorilla_gorilla 0.173 -0.062 0.076 0.006 -0.077 -0.010 0.000
167335 Gorilla_gorilla_gorilla 0.174 -0.080 0.037 0.003 -0.054 -0.012 -0.003
54356 Gorilla_gorilla_gorilla 0.203 -0.059 0.061 -0.015 -0.055 0.015 0.015
54355 Gorilla_gorilla_gorilla 0.155 -0.052 0.042 -0.022 -0.066 0.000 0.017
214103 Gorilla_gorilla_gorilla 0.152 -0.064 0.042 -0.005 -0.052 -0.007 0.003
81652 Gorilla_gorilla_gorilla 0.173 -0.021 0.026 0.009 -0.024 0.006 -0.038
81651 Gorilla_gorilla_gorilla 0.163 -0.054 0.053 0.004 -0.012 -0.006 0.001
201460 Gorilla_gorilla_gorilla 0.156 -0.052 0.051 0.007 -0.023 -0.011 0.003
167347 Gorilla_gorilla_gorilla 0.150 -0.066 0.039 0.008 -0.006 -0.031 0.012
69398 Gorilla_gorilla_gorilla 0.174 -0.037 0.065 -0.042 -0.059 0.000 -0.001
99.1/2055 Gorilla_gorilla_gorilla 0.157 0.000 0.012 -0.012 -0.044 -0.009 -0.023
99.1/1578 Gorilla_gorilla_gorilla 0.182 -0.011 0.044 0.013 -0.014 -0.022 -0.046
99/9425 Gorilla_gorilla_gorilla 0.166 -0.006 0.030 -0.002 -0.046 -0.015 0.003
99.1/1577 Gorilla_gorilla_gorilla 0.153 -0.037 0.029 0.007 -0.023 -0.021 0.003
57482 Gorilla_gorilla_gorilla 0.183 -0.086 0.054 0.003 -0.035 0.018 -0.015
29047 Gorilla_gorilla_gorilla 0.197 -0.039 0.024 -0.016 -0.034 0.030 0.002
26850 Gorilla_gorilla_gorilla 0.195 -0.052 0.052 -0.023 -0.040 0.017 -0.002
23162 Gorilla_gorilla_gorilla 0.136 -0.049 0.021 -0.004 -0.011 -0.006 -0.049
38326 Gorilla_gorilla_gorilla 0.142 -0.016 0.045 -0.021 -0.008 0.009 -0.049
29048 Gorilla_gorilla_gorilla 0.180 -0.040 0.063 0.002 -0.062 0.019 -0.039
20043 Gorilla_gorilla_gorilla 0.148 -0.043 0.034 0.009 -0.008 0.000 -0.056
29049 Gorilla_gorilla_gorilla 0.164 -0.029 0.075 0.011 -0.030 0.008 -0.028
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20038 Gorilla_gorilla_gorilla 0.204 -0.072 0.051 -0.004 -0.108 0.017 0.054
20039 Gorilla_gorilla_gorilla 0.166 -0.030 0.059 0.007 -0.071 0.021 0.009
17684 Gorilla_gorilla_gorilla 0.160 -0.050 0.025 -0.002 -0.041 0.001 0.029
38017 Gorilla_gorilla_gorilla 0.158 -0.048 0.051 0.004 -0.043 0.026 -0.025
23160 Gorilla_gorilla_gorilla 0.197 -0.030 0.065 0.003 -0.054 0.010 -0.047
62393 Gorilla_gorilla_gorilla 0.172 0.014 0.075 -0.012 -0.015 0.039 -0.052
9313 Gorilla_gorilla_gorilla 0.176 -0.056 0.039 0.013 -0.028 0.001 -0.016
9312 Gorilla_gorilla_gorilla 0.180 -0.025 0.038 0.011 -0.027 0.025 -0.102
9492 Gorilla_gorilla_gorilla 0.151 -0.060 0.006 -0.015 -0.037 0.034 -0.020
140426 Pongo_pygmaeus 0.111 -0.042 0.014 0.000 -0.014 -0.018 0.055
28253 Pongo_pygmaeus 0.102 -0.040 0.001 -0.005 -0.006 -0.006 -0.024
28252 Pongo_pygmaeus 0.064 -0.032 -0.006 0.012 0.056 -0.006 -0.038
49848 Pongo_pygmaeus 0.051 -0.066 -0.010 0.006 0.042 -0.029 -0.047
49855 Pongo_pygmaeus 0.059 -0.026 0.009 -0.011 -0.003 -0.012 -0.046
49859 Pongo_pygmaeus 0.055 -0.057 0.012 -0.009 0.014 -0.008 -0.062
49860 Pongo_pygmaeus 0.104 -0.033 -0.006 0.002 0.024 -0.028 -0.065
49864 Pongo_pygmaeus 0.075 -0.049 0.003 -0.026 0.009 -0.028 -0.060
49862 Pongo_pygmaeus 0.037 -0.066 -0.007 -0.006 0.028 0.003 -0.047
49853 Pongo_pygmaeus 0.043 -0.049 -0.048 0.004 0.054 -0.015 -0.071
49863 Pongo_pygmaeus 0.061 -0.051 -0.003 0.015 0.035 -0.036 -0.049
49851 Pongo_pygmaeus 0.063 -0.063 -0.028 0.026 0.017 -0.005 -0.031
49861 Pongo_pygmaeus 0.064 -0.056 -0.028 -0.036 0.037 0.005 -0.056
49965 Pongo_pygmaeus 0.108 -0.012 -0.022 0.022 0.015 0.033 -0.069
49962 Pongo_pygmaeus 0.136 -0.010 -0.022 0.022 0.011 0.002 -0.069
22937 Pongo_pygmaeus 0.082 -0.035 -0.019 0.002 0.054 0.023 -0.052
270807 Pongo_pygmaeus 0.064 -0.044 0.016 -0.031 0.015 -0.040 -0.046
49967/145310 Pongo_pygmaeus 0.086 -0.034 -0.015 0.014 0.019 0.016 -0.042
49965/145308 Pongo_pygmaeus 0.107 -0.013 -0.023 0.025 0.013 0.034 -0.071
588109 Pongo_pygmaeus 0.103 -0.031 -0.019 -0.026 0.026 0.000 -0.053
49768 Pongo_pygmaeus 0.078 -0.044 -0.006 -0.006 -0.001 -0.014 -0.049
49958/145301 Pongo_pygmaeus 0.093 -0.033 0.000 0.001 -0.007 -0.005 -0.032
49961/145304 Pongo_pygmaeus 0.115 -0.026 0.008 0.012 0.024 -0.002 -0.031
153823 Pongo_pygmaeus 0.083 -0.009 -0.016 0.012 -0.005 -0.018 -0.024
37362 Pongo_pygmaeus 0.083 -0.047 -0.002 0.003 0.015 -0.030 -0.019
50960 Pongo_pygmaeus 0.100 -0.029 -0.001 0.001 -0.004 0.023 -0.062
37363 Pongo_pygmaeus 0.078 -0.072 -0.026 -0.006 0.044 -0.016 -0.049
50958 Pongo_pygmaeus 0.076 -0.069 0.009 -0.020 0.027 -0.012 -0.036
37365 Pongo_pygmaeus 0.063 -0.057 -0.025 -0.022 0.000 -0.005 -0.016
106580 Hylobates_agilis 0.012 -0.119 0.000 -0.036 0.026 -0.002 0.043
103667 Hylobates_agilis -0.033 -0.082 -0.015 0.012 0.075 0.011 0.028
103665 Hylobates_agilis -0.034 -0.084 -0.013 -0.024 0.060 -0.027 0.035
103664 Hylobates_agilis -0.026 -0.059 0.025 -0.036 0.036 -0.039 0.032
103345 Hylobates_klossii -0.012 -0.055 -0.013 0.002 0.059 -0.004 0.008
103347 Hylobates_klossii 0.020 -0.044 -0.005 0.021 0.023 0.016 0.019
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103346 Hylobates_klossii 0.002 -0.068 -0.030 -0.006 0.027 0.013 0.000
49656 Hylobates_klossii 0.005 -0.043 -0.036 0.003 0.059 0.061 0.012
49657 Hylobates_klossii 0.017 -0.074 -0.021 -0.008 0.060 0.055 -0.010
32636 Hylobates_muelleri 0.001 -0.089 -0.008 0.006 0.056 0.017 0.037
151832 Hylobates_muelleri 0.001 -0.076 -0.026 -0.005 0.064 0.022 0.026
151834 Hylobates_muelleri 0.007 -0.081 -0.016 0.016 0.040 0.057 0.022
151833 Hylobates_muelleri 0.053 -0.074 -0.045 0.001 0.061 0.037 0.006
151835 Hylobates_muelleri -0.001 -0.081 -0.005 -0.013 0.062 0.020 -0.012
151836 Hylobates_muelleri -0.023 -0.069 -0.030 -0.014 0.052 -0.018 0.027
154373 Hylobates_muelleri -0.003 -0.089 -0.046 0.001 0.084 0.028 0.037
154371 Hylobates_muelleri -0.026 -0.081 -0.043 -0.004 0.092 0.030 0.043
151837 Hylobates_muelleri 0.015 -0.046 -0.016 0.008 0.040 0.070 0.023
154370 Hylobates_muelleri 0.022 -0.047 -0.042 0.010 0.089 0.058 0.002
297837 Hylobates_pileatus -0.023 -0.064 -0.036 0.016 0.065 -0.008 0.024
347647 Hylobates_pileatus -0.027 -0.061 -0.033 -0.024 0.079 0.029 -0.005
148202 Hylobates_lar -0.017 -0.046 -0.030 0.015 0.061 -0.051 0.031
43064 Hylobates_lar -0.047 -0.063 -0.040 -0.001 0.017 -0.009 0.008
43063 Hylobates_lar -0.042 -0.081 -0.036 0.010 0.051 -0.021 0.013
260590 Hylobates_lar -0.031 -0.065 -0.051 0.022 0.072 0.048 0.013
49463 Hylobates_lar 0.018 -0.082 -0.054 0.006 0.032 0.020 0.009
271047 Hylobates_lar -0.012 -0.061 -0.066 -0.005 0.081 0.016 0.019
395156 Hylobates_lar -0.031 -0.080 -0.040 0.003 0.067 0.042 0.026
87252 Nomascus_leucogenys 0.011 -0.036 -0.075 0.011 0.077 -0.006 0.040
87251 Nomascus_concolor -0.032 -0.041 -0.044 -0.018 0.045 0.012 0.003
87253 Nomascus_concolor 0.012 -0.076 -0.024 0.005 0.048 0.002 0.028
542282 Nomascus_concolor -0.016 -0.065 0.005 -0.013 0.026 0.004 0.045
80068 Bunopithecus_hoolock -0.014 -0.038 -0.067 0.023 0.038 0.000 0.015
112721 Bunopithecus_hoolock -0.032 -0.067 -0.067 0.002 0.038 0.016 0.018
112720 Bunopithecus_hoolock -0.007 -0.062 -0.055 0.009 0.034 0.037 0.028
83420 Bunopithecus_hoolock -0.012 -0.070 -0.023 0.004 0.039 0.029 0.034
83422 Bunopithecus_hoolock -0.023 -0.072 -0.077 0.002 0.023 -0.007 -0.012
83416 Bunopithecus_hoolock 0.004 -0.067 -0.045 0.002 0.023 0.005 0.015
83415 Bunopithecus_hoolock -0.014 -0.071 -0.032 0.015 0.052 0.014 0.034
83413 Bunopithecus_hoolock 0.004 -0.033 -0.008 0.013 0.055 0.010 0.016
83417 Bunopithecus_hoolock -0.024 -0.065 0.009 -0.011 0.017 -0.002 0.009
83419 Bunopithecus_hoolock 0.007 -0.071 -0.041 0.000 0.044 0.022 0.017
111092 Bunopithecus_hoolock -0.052 -0.045 -0.021 0.020 0.048 0.029 0.033
83425 Bunopithecus_hoolock -0.026 -0.074 -0.061 0.014 0.074 0.017 0.011
83423 Bunopithecus_hoolock 0.019 -0.086 -0.078 0.024 0.042 0.011 0.040
83427 Bunopithecus_hoolock 0.011 -0.089 0.000 0.008 0.017 0.022 0.007
83426 Bunopithecus_hoolock -0.023 -0.052 -0.032 0.013 0.055 0.004 0.030
106582 Symphalangus_syndactylus 0.032 -0.077 -0.032 0.024 0.073 -0.024 0.005
106583 Symphalangus_syndactylus 0.024 -0.084 -0.033 0.005 0.061 -0.011 0.041
106584 Symphalangus_syndactylus 0.049 -0.075 -0.030 -0.012 0.068 0.038 0.013
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395514 Symphalangus_syndactylus 0.036 -0.038 -0.032 -0.019 0.092 0.048 -0.011
519573 Symphalangus_syndactylus 0.050 -0.078 -0.048 -0.023 0.103 0.034 -0.007
49748 Symphalangus_syndactylus 0.057 -0.066 -0.049 -0.027 0.079 0.065 -0.014
49747 Symphalangus_syndactylus 0.062 -0.042 -0.056 -0.005 0.103 0.043 -0.017
49746 Symphalangus_syndactylus 0.033 -0.066 -0.042 -0.016 0.096 0.078 0.026
49877 Symphalangus_syndactylus 0.062 -0.088 -0.066 -0.028 0.089 0.056 -0.017
271048 Symphalangus_syndactylus 0.035 -0.078 -0.037 -0.014 0.095 0.040 -0.004
89365 Mandrillus_sphinx -0.082 0.059 -0.011 0.035 0.015 -0.002 -0.037
89364 Mandrillus_sphinx -0.076 0.095 0.012 0.031 0.020 0.036 -0.050
89362 Mandrillus_sphinx -0.084 0.052 0.006 0.028 0.008 0.008 -0.034
89361 Mandrillus_sphinx -0.087 0.025 -0.049 0.049 0.025 -0.011 -0.028
80796 Papio_hamadryas -0.041 0.036 -0.034 0.065 0.036 -0.007 -0.006
52676 Papio_hamadryas -0.030 0.013 0.047 0.041 -0.036 -0.005 0.030
187369 Papio_hamadryas -0.009 0.053 0.021 0.060 -0.033 0.009 -0.009
802097 Papio_hamadryas -0.006 -0.003 0.047 0.062 -0.039 0.009 0.018
187369 Papio_anubis -0.031 0.028 0.014 0.028 -0.026 0.029 0.001
51380 Papio_anubis -0.034 0.041 -0.008 0.068 -0.016 0.035 0.010
82092 Papio_anubis -0.056 0.025 0.015 0.058 -0.007 -0.007 0.018
82094 Papio_anubis -0.033 0.002 -0.011 0.047 -0.034 -0.017 0.039
52596 Lophocebus_albigena -0.077 0.008 0.002 0.023 -0.038 -0.019 0.003
52598 Lophocebus_albigena -0.108 0.009 0.001 0.040 -0.009 -0.001 -0.054
52609 Lophocebus_albigena -0.120 0.000 -0.003 0.044 -0.025 -0.011 -0.032
52603 Lophocebus_albigena -0.089 0.022 0.017 0.029 -0.012 -0.002 -0.036
152907 Macaca_tonkeana -0.036 0.030 0.013 0.071 -0.046 -0.014 0.030
152908 Macaca_tonkeana -0.073 0.024 -0.021 0.042 0.000 -0.001 0.029
152905 Macaca_tonkeana -0.059 0.004 0.029 0.081 -0.032 0.013 0.035
152906 Macaca_tonkeana -0.066 0.017 -0.008 0.049 -0.015 -0.028 0.015
153401 Macaca_tonkeana -0.025 0.000 0.016 0.014 -0.056 0.008 0.003
153402 Macaca_tonkeana 0.013 0.032 0.008 0.031 -0.065 -0.028 0.048
106563 Macaca_nemestrina -0.077 0.041 0.007 0.020 -0.036 0.016 -0.016
106564 Macaca_nemestrina -0.070 0.046 0.013 0.022 -0.072 0.005 -0.003
28256 Macaca_nemestrina -0.081 0.022 0.021 0.013 -0.013 0.037 0.007
11091/2795 Macaca_nemestrina -0.093 0.038 0.005 0.004 -0.030 -0.012 0.022
83433 Macaca_nemestrina -0.087 0.017 -0.019 0.028 -0.005 -0.048 -0.010
83434 Macaca_nemestrina -0.068 0.015 -0.007 0.010 -0.024 -0.032 0.010
30620 Macaca_fasicularis -0.095 -0.029 -0.041 0.029 -0.021 -0.003 0.026
103661 Macaca_fasicularis -0.089 -0.011 -0.044 0.056 -0.024 -0.029 0.015
103659 Macaca_fasicularis -0.105 0.003 0.013 0.056 -0.015 0.007 0.009
103654 Macaca_fasicularis -0.120 -0.009 -0.036 0.024 -0.003 0.015 -0.012
103649 Macaca_fasicularis -0.106 -0.016 -0.002 0.024 -0.018 -0.001 0.009
185134 Macaca_fasicularis -0.080 0.010 -0.027 0.047 -0.007 -0.023 0.022
83431 Macaca_mulatta -0.110 0.026 -0.008 0.053 0.024 -0.009 0.005
87278 Macaca_mulatta -0.106 -0.046 -0.006 0.011 -0.073 -0.016 -0.017
43086 Macaca_mulatta -0.075 -0.002 -0.002 0.047 -0.021 -0.018 0.013
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24008 Macaca_mulatta -0.115 -0.017 0.038 0.060 0.044 -0.078 0.003
240011 Macaca_mulatta -0.154 0.009 0.094 0.043 0.080 -0.039 -0.026
397777 Macaca_mulatta -0.143 0.051 0.022 -0.006 0.054 0.003 -0.023
173813 Macaca_mulatta -0.129 0.021 0.060 0.054 0.016 0.011 -0.061
253780 Macaca_mulatta -0.138 -0.001 0.013 0.040 0.021 0.040 0.013
52241 Colobus_guereza -0.080 0.057 -0.006 0.061 -0.011 0.011 0.029
52240 Colobus_guereza -0.096 0.039 0.029 0.067 -0.019 0.020 0.017
52229 Colobus_guereza -0.101 0.040 0.006 0.075 -0.042 0.010 0.022
52223 Colobus_guereza -0.068 0.051 0.014 0.069 -0.031 0.000 0.019
52206 Colobus_guereza -0.097 0.063 0.041 0.066 0.030 0.006 -0.003
34706 Colobus_guereza -0.090 0.009 0.019 0.010 -0.042 0.015 0.044
34704 Colobus_guereza -0.096 0.021 0.021 0.035 -0.008 0.007 0.058
34705 Colobus_guereza -0.077 0.015 0.016 0.034 0.009 0.019 0.024
99468 Colobus_guereza -0.065 0.049 -0.017 0.061 -0.005 -0.021 0.029
27711 Colobus_guereza -0.081 0.049 0.039 0.055 -0.002 0.004 -0.015
52174 Colobus_angolensis -0.075 0.056 0.003 0.060 -0.048 0.019 0.017
52151 Colobus_angolensis -0.104 0.025 0.020 0.069 -0.001 -0.012 -0.001
52149 Colobus_angolensis -0.094 0.087 0.045 0.067 -0.032 0.041 0.034
52142 Colobus_angolensis -0.089 0.037 0.016 0.053 -0.009 0.001 0.054
54279 Piliocolobus_badius -0.053 0.016 0.049 0.058 -0.027 0.053 0.046
52334 Piliocolobus_badius -0.077 0.043 0.056 0.092 -0.010 0.041 0.004
52303 Piliocolobus_badius -0.070 0.049 0.024 0.067 0.026 0.029 -0.033
52298 Piliocolobus_badius -0.071 -0.003 0.013 0.072 -0.004 0.017 -0.005
52887 Piliocolobus_badius -0.055 0.001 0.015 0.056 -0.031 0.030 0.029
52278 Piliocolobus_badius -0.036 0.035 0.028 0.080 -0.034 0.035 0.031
101504 Trachypithecus_cristatus -0.088 0.010 -0.009 0.035 -0.036 0.004 0.023
106596 Trachypithecus_cristatus -0.114 0.017 -0.007 0.058 -0.007 0.020 -0.028
106600 Trachypithecus_cristatus -0.049 0.042 0.040 0.060 -0.020 0.016 -0.021
106606 Presbytis_comata -0.043 0.024 -0.007 0.058 -0.044 -0.001 0.043
106599 Presbytis_comata -0.051 0.049 0.024 0.109 0.024 0.036 -0.027
1001CA Presbytis_comata -0.052 0.036 0.002 0.052 -0.018 -0.003 -0.013
106276 Presbytis_melalophos -0.071 0.017 -0.007 0.032 0.021 0.025 -0.020
101505 Presbytis_melalophos -0.102 0.015 -0.003 0.047 0.005 -0.019 -0.017
54523 Trachypithecus_johnii -0.042 0.004 -0.017 0.060 -0.007 -0.042 0.049
70515 Trachypithecus_johnii -0.077 0.001 -0.011 0.056 0.029 0.009 -0.020
54760 Trachypithecus_johnii -0.062 0.026 -0.001 0.069 0.028 -0.005 -0.022
70516 Trachypithecus_johnii -0.065 0.008 -0.026 0.049 0.013 0.000 0.005
257005 Trachypithecus_johnii -0.071 0.000 0.008 0.004 -0.014 0.105 0.047
112976 Trachypithecus_obscurus -0.061 -0.007 -0.021 0.079 -0.023 0.039 0.041
112977 Trachypithecus_obscurus -0.071 -0.007 -0.012 0.072 -0.008 0.036 0.021
43078 Trachypithecus_phayrei -0.035 -0.008 0.007 0.109 -0.015 0.006 0.045
43081 Trachypithecus_phayrei -0.084 0.033 0.006 0.059 -0.019 0.034 0.036
43072 Trachypithecus_phayrei -0.096 0.020 0.010 0.062 -0.019 0.008 0.027
43070 Trachypithecus_phayrei -0.069 -0.108 0.059 0.005 0.030 0.062 0.018
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216252 Chlorocebus_pygerythrus -0.094 0.024 -0.038 0.016 -0.050 -0.011 -0.053
216253 Chlorocebus_pygerythrus -0.096 0.036 -0.024 0.048 -0.046 -0.029 0.011
216254 Chlorocebus_pygerythrus -0.102 0.022 0.002 0.065 -0.008 -0.005 0.027
452606 Chlorocebus_pygerythrus -0.118 0.049 -0.012 0.055 0.020 0.027 -0.034
452605 Chlorocebus_pygerythrus -0.116 0.038 -0.010 -0.010 -0.038 -0.016 -0.030
452602 Chlorocebus_pygerythrus -0.103 0.030 -0.046 -0.037 -0.024 -0.003 -0.046
452596 Chlorocebus_pygerythrus -0.139 0.036 -0.020 0.057 -0.001 0.019 -0.022
452609 Chlorocebus_pygerythrus -0.097 0.025 -0.008 0.013 -0.030 -0.029 -0.034
452610 Chlorocebus_pygerythrus -0.109 0.046 0.006 0.036 -0.009 -0.010 -0.025
452597 Chlorocebus_pygerythrus -0.102 0.048 -0.029 -0.003 -0.029 -0.014 -0.031
452611 Chlorocebus_pygerythrus -0.111 0.068 -0.004 0.040 -0.020 -0.006 -0.038
469905 Chlorocebus_pygerythrus -0.130 0.083 0.004 0.067 -0.001 0.013 -0.019
397712 Chlorocebus_pygerythrus -0.113 0.046 0.040 0.030 -0.024 -0.011 -0.027
397727 Chlorocebus_pygerythrus -0.126 0.033 0.011 0.060 -0.022 0.009 -0.042
397627 Chlorocebus_pygerythrus -0.110 0.072 -0.044 0.026 -0.019 -0.005 -0.026
397727 Chlorocebus_aethiops -0.090 0.036 -0.025 0.055 0.020 0.014 -0.044
16365 Chlorocebus_aethiops -0.109 0.035 -0.014 0.015 0.015 -0.033 -0.029
398005 Cercopithecus_albogularis -0.092 0.046 -0.015 0.027 -0.001 -0.004 -0.014
187390 Cercopithecus_albogularis -0.099 0.045 0.012 0.064 -0.015 -0.028 -0.022
187375 Cercopithecus_albogularis -0.085 0.018 -0.015 0.042 0.023 -0.025 -0.005
187379 Cercopithecus_mitis -0.105 0.016 0.031 0.057 0.003 0.006 -0.020
187376 Cercopithecus_mitis -0.099 0.002 -0.040 0.034 -0.001 -0.020 0.004
52398 Cercopithecus_mitis -0.093 0.024 0.024 0.065 -0.001 -0.005 -0.019
52402 Cercopithecus_mitis -0.105 0.020 0.022 0.048 -0.026 -0.006 -0.021
52368 Cercopithecus_mitis -0.094 -0.004 -0.012 0.042 -0.021 -0.032 -0.015
82415 Cercopithecus_mitis -0.084 -0.037 -0.065 0.053 0.013 -0.008 0.015
82412 Cercopithecus_mitis -0.100 -0.004 -0.035 0.046 0.005 -0.024 0.032
52410 Cercopithecus_mitis -0.073 -0.005 -0.044 0.041 -0.039 0.003 0.011
52413 Cercopithecus_mitis -0.099 0.015 0.048 0.038 -0.066 0.016 0.022
188150 Lagothrix_lagotricha -0.053 -0.015 -0.082 -0.034 -0.041 -0.039 -0.003
188153 Lagothrix_lagotricha -0.051 -0.049 -0.050 -0.036 -0.024 -0.032 -0.001
188154 Lagothrix_lagotricha -0.065 -0.022 -0.047 -0.039 -0.041 -0.012 -0.029
188156 Lagothrix_lagotricha -0.065 -0.017 -0.074 -0.049 -0.025 -0.013 -0.025
188142 Lagothrix_lagotricha -0.063 -0.041 -0.071 -0.025 -0.034 -0.038 0.002
188162 Lagothrix_lagotricha -0.050 -0.050 -0.091 -0.036 -0.015 -0.010 -0.037
399302 Lagothrix_lagotricha -0.052 -0.058 -0.060 -0.040 -0.040 -0.039 0.006
538312 Lagothrix_lagotricha -0.069 -0.072 -0.051 -0.073 -0.039 0.039 0.012
397963 Lagothrix_lagotricha -0.060 -0.026 -0.081 -0.014 -0.022 -0.018 -0.018
399507 Lagothrix_lagotricha -0.026 -0.058 -0.052 -0.001 -0.010 -0.005 0.014
395690 Lagothrix_lagotricha -0.027 -0.039 -0.032 -0.089 -0.117 0.016 0.014
397384 Lagothrix_lagotricha -0.068 -0.057 -0.067 -0.039 -0.038 0.027 0.003
260 Brachyteles_arachnoides 0.028 -0.055 -0.076 -0.047 -0.020 -0.021 -0.025
188135 Ateles_fusciceps -0.063 -0.052 -0.034 0.001 -0.007 -0.042 0.000
188140 Ateles_fusciceps -0.044 -0.043 -0.073 -0.013 0.005 -0.027 -0.009
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521041 Ateles_fusciceps -0.007 -0.061 -0.062 -0.025 -0.018 -0.045 -0.053
338112 Ateles_fusciceps -0.017 -0.066 -0.063 -0.043 -0.005 0.012 -0.014
338116 Ateles_fusciceps -0.035 -0.071 -0.032 -0.042 0.005 -0.021 -0.009
338111 Ateles_fusciceps -0.024 -0.073 -0.069 -0.010 -0.016 -0.014 0.005
338115 Ateles_fusciceps -0.007 -0.047 -0.034 -0.043 0.000 0.000 0.010
338113 Ateles_fusciceps -0.035 -0.060 -0.044 -0.039 -0.017 -0.018 0.005
338114 Ateles_fusciceps -0.007 -0.056 -0.049 -0.046 -0.031 0.020 0.002
5146 Ateles_geoffroyi -0.045 -0.061 -0.078 -0.033 -0.006 -0.006 0.007
5145 Ateles_geoffroyi -0.020 -0.081 -0.032 -0.032 -0.026 -0.011 0.011
62046 Ateles_geoffroyi -0.039 -0.053 -0.038 -0.036 -0.039 -0.022 0.008
30192 Ateles_belzebuth -0.057 -0.012 -0.048 -0.017 -0.007 -0.006 -0.024
30195 Cebus_olivaceus -0.136 -0.008 -0.035 -0.010 -0.029 -0.008 -0.040
42319 Cebus_olivaceus -0.123 0.008 -0.023 0.008 -0.064 -0.008 -0.023
42884 Cebus_olivaceus -0.129 -0.009 -0.011 -0.025 -0.059 -0.023 -0.028
30200 Cebus_olivaceus -0.129 0.021 -0.014 0.004 -0.046 -0.019 -0.017
42873 Cebus_olivaceus -0.112 0.035 -0.010 -0.005 -0.037 -0.025 -0.037
133637 Cebus_apella -0.084 0.017 -0.028 -0.056 -0.058 -0.021 -0.035
133622 Cebus_apella -0.108 0.002 -0.030 -0.005 -0.080 -0.049 -0.034
133628 Cebus_apella -0.097 0.026 -0.001 -0.032 -0.048 -0.027 -0.034
133815 Cebus_apella -0.106 0.009 -0.026 -0.030 -0.058 -0.033 -0.044
133651 Cebus_apella -0.108 0.037 -0.028 -0.005 -0.061 -0.022 -0.040
133622 Cebus_apella -0.127 -0.021 -0.022 -0.018 -0.056 -0.052 -0.052
133656 Cebus_apella -0.110 0.001 -0.007 -0.022 -0.054 -0.016 -0.057
133674 Cebus_apella -0.094 -0.003 -0.024 -0.046 -0.051 -0.055 -0.024
133606 Cebus_apella -0.122 0.014 0.009 -0.018 -0.057 -0.008 -0.054
95759 Cebus_apella -0.113 0.001 -0.026 -0.040 -0.049 -0.037 -0.022
132790 Alouatta_seniculus -0.113 0.004 -0.087 -0.044 -0.045 0.008 -0.012
69591 Alouatta_seniculus -0.034 -0.001 -0.070 -0.004 -0.063 0.002 0.035
30193 Alouatta_seniculus -0.080 -0.015 -0.052 -0.020 -0.039 -0.012 -0.016
42313 Alouatta_seniculus -0.110 -0.013 -0.107 -0.017 -0.031 -0.040 0.008
240410 Alouatta_palliata -0.056 -0.012 -0.073 -0.034 -0.049 0.018 0.031
240406 Alouatta_palliata -0.052 -0.012 -0.079 -0.037 -0.056 0.007 -0.008
240407 Alouatta_palliata -0.059 -0.030 -0.063 -0.029 -0.037 0.016 0.017
397108 Alouatta_palliata -0.013 -0.027 -0.119 -0.041 -0.064 0.050 0.019
397113 Alouatta_palliata -0.018 -0.012 -0.079 -0.048 -0.087 0.033 0.025
338104 Alouatta_palliata -0.020 -0.086 -0.084 -0.085 -0.057 0.051 0.028
282798 Alouatta_palliata -0.049 -0.065 -0.097 -0.046 -0.048 0.011 0.032
338106 Alouatta_palliata -0.021 -0.054 -0.058 -0.046 -0.046 0.030 0.030
338105 Alouatta_palliata -0.030 -0.032 -0.097 -0.051 -0.059 0.043 0.036
338109 Alouatta_palliata -0.017 -0.023 -0.067 -0.040 -0.063 0.026 0.038
258314 Alouatta_palliata -0.016 -0.068 -0.110 -0.015 -0.035 -0.018 0.019
556134 Alouatta_palliata 0.003 -0.027 -0.060 -0.050 -0.078 0.007 0.041
397112 Alouatta_palliata 0.010 -0.025 -0.079 -0.015 -0.070 0.033 0.027
47268 Alouatta_palliata -0.052 -0.036 -0.091 -0.036 -0.043 0.010 0.001
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47267 Alouatta_palliata -0.061 -0.033 -0.075 -0.020 -0.073 -0.009 0.008
28735 Alouatta_palliata -0.016 -0.043 -0.082 -0.017 -0.052 -0.021 0.036
47266 Alouatta_palliata -0.035 -0.029 -0.076 -0.056 -0.097 0.015 0.003
5149 Alouatta_palliata -0.038 -0.029 -0.021 -0.040 -0.061 0.007 0.026
431 Alouatta_palliata -0.032 -0.021 -0.066 -0.020 -0.082 -0.006 0.013
98/187 Homo_sapiens 0.237 0.189 -0.066 -0.008 0.009 -0.005 0.012
98/185 Homo_sapiens 0.248 0.215 -0.030 0.038 0.005 0.002 0.068
98/182 Homo_sapiens 0.256 0.206 -0.064 -0.007 0.043 0.013 -0.014
98/136 Homo_sapiens 0.261 0.207 -0.060 0.008 0.029 0.004 0.012
98/135 Homo_sapiens 0.226 0.220 -0.056 0.002 0.009 -0.010 0.017
98/133 Homo_sapiens 0.244 0.201 -0.051 0.003 0.013 -0.018 0.053
98/132 Homo_sapiens 0.257 0.209 -0.023 0.011 0.014 -0.004 0.046
98/193 Homo_sapiens 0.245 0.181 -0.068 -0.017 0.028 -0.034 0.023
98/116 Homo_sapiens 0.244 0.160 -0.042 0.001 0.009 -0.050 0.036
98/117 Homo_sapiens 0.231 0.198 -0.065 -0.007 0.016 -0.032 0.074
98/99 Homo_sapiens 0.251 0.178 -0.085 -0.010 0.027 -0.041 0.036
98/88 Homo_sapiens 0.218 0.160 -0.069 -0.019 0.031 -0.035 0.011
98/315 Homo_sapiens 0.240 0.193 -0.084 0.002 0.031 -0.007 0.004
98/321 Homo_sapiens 0.243 0.206 -0.097 -0.001 0.018 -0.003 0.010
98/59 Homo_sapiens 0.216 0.214 -0.073 0.045 -0.026 0.026 0.002
98/63 Homo_sapiens 0.229 0.210 -0.089 0.035 0.017 0.011 -0.013
98/66 Homo_sapiens 0.247 0.217 -0.090 0.005 -0.018 0.008 0.002
98/71 Homo_sapiens 0.235 0.193 -0.102 0.010 0.020 -0.041 -0.007
98/72 Homo_sapiens 0.219 0.196 -0.059 0.054 -0.007 -0.028 0.011
98/85 Homo_sapiens 0.250 0.217 -0.049 0.048 0.036 0.013 -0.002
98/95 Homo_sapiens 0.226 0.200 -0.111 0.022 0.003 -0.045 -0.007
44853 Propithecus_diadema -0.016 0.044 0.036 -0.045 -0.055 0.046 0.051
18741 Propithecus_diadema -0.022 0.041 0.035 -0.024 -0.016 0.059 0.056
16398 Propithecus_diadema -0.036 0.033 0.053 -0.072 0.011 0.059 -0.018
31255/18040 Propithecus_verreauxi -0.016 0.111 0.107 -0.127 0.031 0.050 -0.005
257141 Propithecus_verreauxi 0.000 0.092 0.101 -0.084 0.007 0.038 0.055
170463 Propithecus_verreauxi 0.011 0.054 0.121 -0.069 -0.003 0.039 0.081
10633 Propithecus_verreauxi 0.027 0.066 0.125 -0.072 -0.018 0.041 0.064
44851 Indri_indri -0.025 0.042 0.067 -0.074 -0.059 0.101 0.053
100504 Indri_indri -0.033 0.080 0.085 -0.100 0.006 0.032 0.000
100508 Indri_indri -0.040 0.076 0.076 -0.052 0.005 0.050 0.041
216240 Otolemur_crassicaudatus -0.146 0.074 0.069 -0.107 0.064 -0.064 0.038
216244 Otolemur_crassicaudatus -0.073 0.044 0.078 -0.085 0.079 -0.121 0.014
216239 Otolemur_crassicaudatus -0.157 0.090 0.080 -0.074 0.020 -0.031 0.036
187365 Otolemur_crassicaudatus -0.098 0.036 0.022 -0.066 0.065 -0.081 0.036
216243 Otolemur_crassicaudatus -0.097 0.094 0.063 -0.110 0.086 -0.090 -0.008
216242 Otolemur_crassicaudatus -0.120 0.050 0.027 -0.089 0.063 -0.085 0.048
187363 Otolemur_crassicaudatus -0.091 0.039 0.021 -0.075 0.056 -0.076 0.056
80800 Otolemur_crassicaudatus -0.188 0.122 0.057 -0.056 0.016 -0.104 0.010
222
ID Taxa PC1 PC2 PC3 PC4 PC5 PC6 PC7
80801 Otolemur_crassicaudatus -0.144 0.062 0.037 -0.090 0.055 -0.065 0.050
86405 Otolemur_crassicaudatus -0.199 0.079 0.059 -0.066 0.046 -0.106 0.050
86406 Otolemur_crassicaudatus -0.157 0.110 0.028 -0.088 0.026 -0.092 0.002
170740 Lemur_catta -0.049 0.070 0.031 -0.078 -0.005 0.026 -0.011
170739 Lemur_catta -0.075 0.052 0.036 -0.066 0.025 0.004 -0.026
48192 Lemur_catta -0.095 0.032 0.015 -0.069 -0.010 -0.010 0.014
31254 Eulemur_fulvus_albifrons -0.121 0.058 0.020 -0.076 -0.015 0.034 0.011
100528 Eulemur_fulvus_albifrons -0.089 0.045 -0.011 -0.081 -0.012 0.016 -0.013
100529 Eulemur_fulvus_albifrons -0.087 0.053 0.010 -0.055 -0.010 0.019 -0.040
170717 Eulemur_fulvus_albifrons -0.013 0.059 0.029 -0.093 0.031 0.019 -0.002
170725 Eulemur_fulvus_albifrons -0.102 0.124 0.072 -0.100 0.009 0.052 -0.028
170726 Eulemur_fulvus_albifrons -0.092 0.126 0.009 -0.118 0.042 0.011 -0.055
170708 Eulemur_fulvus_albifrons -0.083 0.112 0.046 -0.088 0.053 0.026 -0.038
170728 Eulemur_fulvus_albifrons -0.063 0.105 0.031 -0.083 0.054 0.041 -0.041
170724 Eulemur_fulvus_albifrons -0.108 0.124 0.044 -0.089 0.064 -0.019 -0.046
170723 Eulemur_fulvus_albifrons -0.111 0.112 0.043 -0.073 0.011 0.024 -0.004
170719 Eulemur_fulvus_albifrons -0.050 0.083 0.056 -0.067 0.037 0.092 -0.021
170705 Eulemur_fulvus_albifrons -0.129 0.124 0.026 -0.085 0.024 0.070 0.034
170715 Eulemur_fulvus_albifrons -0.039 0.027 -0.007 -0.055 0.031 -0.017 -0.001
170749 Eulemur_fulvus_albifrons -0.062 0.073 0.047 -0.065 0.026 0.050 -0.018
170750 Eulemur_fulvus_albifrons -0.077 0.111 0.077 -0.077 0.012 0.035 -0.025
170755 Eulemur_fulvus_albifrons -0.144 0.101 0.080 -0.060 0.033 0.062 0.023
170764 Eulemur_fulvus_albifrons -0.125 0.099 0.047 -0.072 0.027 0.053 0.007
170760 Eulemur_fulvus_albifrons -0.116 0.070 0.015 -0.117 -0.048 0.004 0.002
170759 Eulemur_fulvus_albifrons -0.112 0.120 0.050 -0.074 -0.008 0.047 -0.020
170668 Hapalemur_griseus_griseus -0.058 0.024 0.034 -0.071 -0.057 0.020 0.052
170675 Hapalemur_griseus_griseus -0.039 0.043 0.012 -0.056 0.039 0.013 -0.055
170672 Hapalemur_griseus_griseus -0.072 0.054 0.042 -0.074 -0.013 0.038 -0.025
170680 Hapalemur_griseus_griseus -0.043 0.041 -0.005 -0.057 0.016 0.011 -0.019
170689 Hapalemur_griseus_griseus -0.111 0.037 0.022 -0.088 0.027 0.029 -0.020
170691 Hapalemur_griseus_griseus -0.052 0.043 0.025 -0.069 0.010 0.001 -0.031
ARA-VP-6/500 Ardipithecus_ramidus 0.128 0.064 0.037 0.019 -0.098 -0.002 0.070
KNM-MW 13142 Ekembo_nyanzae -0.003 0.007 0.004 -0.044 -0.074 0.036 -0.019
STS14 Australopithecus_africanus 0.226 0.090 -0.003 0.004 0.054 -0.009 -0.024















































PC8 PC9 PC10 PC11 PC12 PC13 PC14
-0.015 0.026 0.009 0.045 -0.018 0.017 0.019
-0.014 0.001 -0.018 0.018 0.022 0.036 0.003
-0.032 0.056 0.001 0.053 -0.013 0.006 -0.004
-0.008 -0.069 -0.028 0.010 -0.005 0.026 -0.003
-0.051 -0.070 0.014 -0.025 0.041 0.014 -0.014
-0.065 -0.019 0.020 -0.064 0.035 0.029 -0.048
-0.041 -0.063 0.019 -0.040 0.055 0.011 0.002
-0.053 -0.060 0.023 -0.041 0.040 0.012 -0.014
-0.006 -0.083 0.029 0.020 0.035 0.038 -0.033
-0.096 0.016 -0.058 0.001 -0.002 0.033 0.007
-0.091 -0.028 0.014 -0.043 0.045 0.005 -0.001
-0.075 0.057 0.058 0.000 0.010 0.022 -0.028
0.032 -0.050 -0.034 -0.011 0.000 -0.006 -0.014
0.028 -0.046 -0.042 -0.003 0.001 0.015 -0.027
0.004 -0.067 -0.038 -0.004 -0.013 -0.041 -0.026
0.023 -0.081 -0.043 0.001 -0.014 -0.030 0.004
-0.005 -0.011 -0.020 -0.004 -0.022 0.038 -0.014
0.024 -0.032 0.006 -0.022 -0.019 0.015 0.013
-0.011 -0.010 -0.018 -0.002 -0.020 0.005 0.014
0.009 -0.034 0.001 0.013 -0.027 0.005 0.000
-0.002 -0.027 -0.015 0.016 0.004 -0.001 0.034
0.005 -0.031 -0.009 0.020 -0.013 0.019 0.014
-0.014 -0.028 -0.006 0.009 -0.013 0.037 0.010
0.036 -0.034 -0.021 0.006 -0.007 0.015 0.017
0.007 -0.031 -0.004 0.017 -0.027 0.016 0.021
-0.010 -0.009 -0.023 0.003 -0.009 0.021 0.008
0.036 -0.021 -0.014 -0.031 0.002 0.017 0.005
0.034 -0.022 -0.038 0.001 -0.009 -0.003 0.002
0.014 -0.037 -0.032 -0.002 -0.011 0.011 -0.007
0.014 -0.020 -0.031 -0.003 0.009 0.040 0.007
0.004 -0.015 -0.015 -0.023 -0.009 0.037 -0.009
0.024 -0.018 0.022 -0.005 -0.009 0.014 0.037
0.026 -0.030 -0.015 -0.012 -0.017 0.029 0.009
0.007 -0.025 0.005 0.005 0.004 0.035 0.026
0.033 -0.006 -0.025 0.018 -0.012 -0.002 0.008
-0.004 0.001 -0.002 0.005 -0.018 0.013 -0.011
-0.009 -0.032 -0.010 -0.007 -0.029 0.010 0.006
0.039 -0.003 -0.028 0.014 0.004 0.007 -0.002
0.000 -0.016 -0.017 0.011 -0.001 0.006 -0.004
0.002 -0.016 -0.032 0.025 -0.009 0.001 0.034
-0.004 -0.035 -0.022 -0.011 0.015 0.000 0.032
-0.014 -0.028 -0.007 -0.024 -0.012 0.003 0.016
0.041 0.005 -0.002 -0.012 -0.002 -0.013 0.011















































PC8 PC9 PC10 PC11 PC12 PC13 PC14
-0.005 -0.005 -0.018 -0.022 -0.017 0.005 -0.005
0.013 -0.013 -0.013 0.003 0.008 0.014 0.007
0.027 -0.034 -0.008 0.005 -0.023 0.024 0.014
0.010 -0.022 -0.001 0.000 -0.016 0.008 0.016
0.032 -0.042 -0.005 0.013 -0.019 -0.024 0.016
-0.009 -0.015 -0.018 0.004 -0.020 0.018 0.017
0.027 -0.014 0.011 0.001 -0.006 0.035 0.029
0.009 -0.028 -0.022 -0.009 -0.022 0.031 0.000
0.005 -0.002 0.055 -0.018 0.027 -0.026 0.035
-0.009 -0.007 0.025 -0.005 0.005 -0.021 -0.009
0.012 0.008 0.062 -0.020 -0.009 -0.031 0.006
0.048 -0.002 0.016 0.019 -0.009 -0.029 -0.009
-0.006 0.014 0.028 -0.020 0.002 0.017 -0.024
0.027 0.010 0.063 -0.001 -0.001 0.005 0.006
0.013 -0.003 -0.019 0.022 -0.011 -0.009 -0.038
0.005 -0.002 0.001 0.001 -0.009 0.005 -0.005
0.025 0.012 0.007 0.009 -0.004 -0.009 -0.014
0.032 -0.001 -0.004 0.034 0.014 -0.017 -0.004
0.024 0.010 -0.001 0.020 0.021 -0.029 0.009
0.000 0.008 0.018 -0.009 0.012 -0.041 0.007
0.000 -0.002 -0.003 0.006 -0.018 -0.007 -0.003
-0.007 -0.002 -0.007 -0.005 0.002 -0.030 0.006
0.021 0.027 -0.013 -0.002 0.030 0.003 -0.018
0.015 0.009 -0.003 0.018 0.001 0.004 -0.002
0.023 0.036 0.005 0.025 0.028 -0.022 -0.017
0.015 0.011 0.014 -0.005 0.024 -0.007 -0.016
0.031 0.028 0.002 -0.026 0.031 0.008 -0.027
0.029 0.006 0.031 0.015 0.031 0.002 0.024
0.011 0.009 -0.006 -0.002 0.016 0.011 -0.018
0.010 0.006 0.012 0.007 0.012 0.022 -0.007
0.009 0.013 -0.001 0.012 0.000 -0.021 -0.008
0.018 0.036 0.006 0.034 0.014 -0.019 -0.032
-0.015 -0.017 -0.016 -0.006 -0.014 -0.032 -0.020
0.016 0.002 0.006 0.024 -0.001 0.016 0.004
-0.006 0.004 0.008 0.003 -0.028 -0.007 -0.045
-0.007 -0.002 0.024 -0.005 -0.002 -0.005 -0.010
-0.019 0.048 -0.012 0.009 0.030 0.000 -0.016
0.010 0.001 -0.034 -0.002 0.006 -0.036 -0.018
0.000 -0.001 -0.016 0.009 0.012 -0.010 -0.008
-0.001 0.027 0.018 0.003 -0.002 0.026 -0.002
0.002 0.008 0.013 -0.004 0.020 -0.022 -0.007
-0.001 0.034 -0.012 0.032 0.035 -0.002 0.021
-0.008 0.026 0.009 0.000 0.005 -0.011 -0.007















































PC8 PC9 PC10 PC11 PC12 PC13 PC14
0.022 -0.001 -0.027 0.017 -0.010 -0.043 -0.010
-0.011 0.015 -0.010 0.013 0.010 -0.010 0.001
0.003 0.007 0.006 -0.010 -0.006 -0.014 -0.022
-0.013 0.001 0.002 0.003 0.001 -0.001 -0.002
-0.001 0.039 0.001 -0.009 0.034 0.024 0.004
-0.017 0.005 0.015 0.032 0.035 0.010 0.035
-0.021 0.039 -0.003 0.017 -0.015 0.000 -0.019
0.001 0.046 0.021 -0.001 -0.009 0.004 -0.014
0.007 0.029 -0.034 0.011 0.004 -0.030 0.008
0.020 -0.040 -0.006 -0.018 -0.030 -0.028 -0.011
0.022 -0.020 0.000 0.023 -0.011 -0.009 0.003
-0.006 -0.024 0.021 -0.004 -0.004 -0.038 -0.001
-0.028 -0.013 0.015 -0.050 -0.029 -0.002 -0.020
-0.036 -0.022 0.036 -0.014 -0.007 -0.013 -0.011
-0.020 -0.008 -0.016 -0.002 -0.010 -0.026 -0.021
-0.008 -0.010 0.010 -0.001 -0.027 -0.010 0.007
-0.039 0.031 -0.005 -0.014 0.008 -0.023 0.005
-0.036 0.017 0.019 -0.019 -0.007 -0.002 -0.014
-0.034 -0.015 0.021 -0.021 -0.028 -0.022 -0.002
-0.032 0.018 0.015 -0.041 -0.023 -0.014 -0.021
-0.003 0.000 0.027 -0.017 0.004 -0.025 0.024
0.003 0.000 -0.018 0.005 0.030 -0.042 -0.026
0.005 -0.014 0.037 0.006 -0.012 -0.027 -0.005
-0.031 0.000 0.007 -0.019 -0.011 0.007 -0.011
-0.002 -0.016 0.015 0.006 -0.026 -0.026 0.009
-0.036 -0.019 0.003 -0.041 -0.015 -0.012 -0.054
-0.022 -0.009 0.021 -0.014 -0.010 -0.012 0.019
0.003 -0.015 0.037 0.005 -0.008 -0.028 -0.010
-0.021 -0.019 -0.032 -0.010 -0.012 -0.019 -0.034
-0.037 -0.007 0.027 -0.026 -0.006 -0.023 0.017
-0.031 -0.026 0.010 -0.002 -0.001 0.000 -0.019
0.004 -0.002 0.036 -0.006 -0.002 0.011 0.012
-0.008 0.003 0.010 -0.010 -0.017 -0.014 0.012
-0.043 0.001 -0.012 0.006 -0.015 0.009 0.009
0.000 -0.028 -0.014 0.019 -0.033 -0.016 0.012
0.006 -0.001 -0.004 -0.005 -0.004 -0.020 0.034
-0.006 0.001 0.017 -0.012 -0.001 -0.024 0.003
-0.006 -0.025 0.006 -0.009 -0.017 -0.013 0.000
0.060 0.033 -0.014 -0.032 0.035 0.024 0.040
0.057 0.005 0.018 -0.028 -0.018 0.014 -0.008
0.058 0.007 0.000 0.009 -0.001 0.011 -0.007
0.092 0.019 0.002 -0.028 -0.031 -0.009 -0.007
0.006 0.030 0.007 0.001 -0.006 -0.003 0.020















































PC8 PC9 PC10 PC11 PC12 PC13 PC14
0.012 0.032 -0.002 -0.011 -0.002 -0.027 -0.013
-0.016 -0.016 0.005 0.004 -0.036 0.000 -0.010
-0.004 0.021 0.010 0.000 0.006 -0.006 -0.018
0.029 0.022 -0.001 -0.014 0.017 0.029 0.004
-0.026 0.020 0.004 -0.012 -0.003 0.024 -0.005
-0.032 0.018 -0.001 -0.009 0.001 0.038 -0.002
0.003 0.012 -0.002 -0.019 0.002 0.034 -0.007
-0.033 0.035 0.006 -0.009 0.033 0.034 0.001
-0.017 -0.003 0.005 0.018 -0.001 0.005 0.018
-0.003 0.010 0.024 -0.007 0.003 0.029 0.027
-0.007 -0.013 0.015 -0.007 0.002 0.014 -0.010
-0.026 0.007 0.010 0.004 -0.009 0.018 0.015
-0.008 0.010 -0.009 -0.021 -0.013 0.002 -0.020
-0.007 0.020 -0.022 -0.018 -0.024 -0.003 -0.005
0.005 -0.008 0.015 -0.036 -0.017 0.010 0.005
-0.015 0.035 -0.020 0.019 -0.002 -0.020 0.027
0.017 0.037 -0.021 0.026 0.002 -0.016 0.027
0.018 0.046 -0.027 0.031 -0.017 -0.028 0.005
-0.014 0.000 -0.007 0.016 -0.012 -0.006 0.014
-0.025 0.036 -0.020 -0.009 -0.040 0.021 -0.026
0.003 -0.004 -0.010 0.008 -0.003 -0.012 -0.022
-0.003 -0.005 -0.001 -0.016 0.006 0.009 0.007
0.031 -0.008 0.013 0.002 -0.013 0.004 -0.004
0.052 -0.002 0.002 0.008 -0.020 0.006 -0.006
0.025 0.021 -0.006 -0.014 0.001 0.025 -0.022
-0.037 -0.020 0.011 -0.008 -0.033 0.046 0.012
0.044 0.006 0.016 -0.001 -0.017 0.017 -0.022
0.006 0.018 -0.014 0.023 -0.003 0.005 0.009
0.011 0.006 -0.008 0.019 0.007 0.003 -0.003
0.017 0.017 -0.003 0.008 0.002 -0.008 -0.002
0.021 0.023 -0.025 0.027 -0.030 -0.017 -0.004
0.023 0.012 0.004 -0.002 -0.007 0.006 -0.009
0.009 0.006 -0.005 0.012 0.007 -0.008 -0.005
0.001 0.053 -0.015 0.042 0.014 -0.020 0.021
0.010 0.006 0.004 0.010 -0.020 -0.018 0.006
0.017 0.033 0.006 0.012 0.013 -0.007 0.028
0.031 -0.001 0.009 0.026 0.001 0.003 0.002
0.022 0.011 -0.006 -0.010 -0.023 -0.024 0.005
0.032 0.016 -0.032 0.001 -0.027 -0.007 -0.013
0.000 0.033 0.017 -0.022 0.002 0.008 -0.010
0.001 0.010 0.000 0.007 -0.012 -0.021 0.012
0.001 0.035 0.026 0.019 0.022 0.016 0.008
0.016 0.041 0.069 -0.025 0.017 0.023 0.006















































PC8 PC9 PC10 PC11 PC12 PC13 PC14
0.002 -0.037 -0.009 -0.007 0.029 -0.011 -0.002
0.026 -0.011 -0.020 0.017 0.038 0.008 0.004
-0.002 -0.007 -0.022 0.017 0.021 -0.013 0.015
0.018 -0.035 -0.019 0.015 0.020 0.001 0.013
0.046 -0.018 -0.035 0.007 0.015 -0.011 -0.001
0.013 0.001 -0.029 0.013 0.028 -0.008 0.006
0.020 0.005 -0.033 0.008 0.006 -0.017 0.006
0.054 -0.009 0.027 0.004 0.024 -0.022 0.007
0.032 -0.026 0.023 -0.004 -0.004 -0.041 0.013
0.037 -0.019 -0.018 0.011 -0.014 -0.030 0.009
0.042 0.005 0.027 -0.003 -0.007 -0.024 0.008
0.045 0.018 -0.014 0.018 -0.039 0.004 -0.004
0.042 -0.009 -0.015 -0.001 -0.011 0.012 -0.002
0.034 0.002 -0.003 0.007 0.018 0.011 -0.001
0.026 -0.002 -0.019 0.011 0.015 0.019 0.015
0.015 -0.011 -0.022 -0.004 -0.014 0.013 -0.009
0.026 0.000 0.012 0.019 0.017 0.006 -0.039
-0.006 0.011 -0.028 0.037 0.000 -0.011 0.019
0.036 -0.005 -0.014 0.003 0.030 0.008 -0.008
0.049 0.009 -0.010 -0.009 0.024 -0.007 -0.014
-0.017 0.006 -0.017 0.015 0.009 -0.004 0.014
0.002 0.022 -0.035 0.003 -0.014 0.010 -0.001
0.024 0.019 -0.007 -0.015 0.001 -0.007 -0.032
0.018 0.002 0.003 -0.003 0.033 -0.011 -0.023
0.001 -0.003 -0.006 0.005 0.004 -0.022 -0.014
0.025 0.000 0.027 -0.007 0.033 -0.006 -0.017
0.007 0.005 0.013 -0.009 0.040 -0.023 -0.008
0.038 -0.008 -0.001 0.004 0.028 0.024 -0.006
0.015 -0.010 0.025 -0.003 0.026 0.012 -0.010
0.042 -0.006 0.014 0.010 0.018 0.022 0.002
0.051 -0.012 0.002 0.001 0.011 -0.012 -0.041
-0.006 -0.011 0.035 0.022 0.002 0.003 0.042
0.059 -0.034 0.037 0.008 0.008 -0.019 0.007
0.013 -0.002 0.015 0.012 -0.014 0.012 0.030
0.047 -0.008 0.029 -0.037 0.009 -0.019 0.006
0.000 -0.011 0.026 -0.017 -0.011 0.000 -0.005
-0.008 -0.005 -0.004 0.009 -0.004 -0.002 0.017
0.007 -0.001 -0.003 -0.008 0.003 -0.014 0.004
0.011 -0.008 0.021 -0.007 0.028 -0.023 -0.005
0.018 0.009 -0.021 -0.011 -0.009 -0.022 -0.023
-0.020 0.017 -0.023 0.017 -0.032 -0.021 0.013
-0.016 -0.007 -0.001 0.014 -0.016 -0.017 0.031
-0.020 0.028 -0.035 -0.003 0.012 0.012 0.024















































PC8 PC9 PC10 PC11 PC12 PC13 PC14
-0.113 0.028 0.042 0.030 -0.028 -0.026 -0.013
-0.105 -0.071 0.010 -0.030 0.017 0.010 -0.017
-0.046 -0.122 -0.014 -0.005 0.040 -0.017 -0.008
-0.038 -0.040 -0.018 -0.001 0.006 0.005 0.031
-0.020 0.020 -0.002 0.025 -0.017 -0.007 0.014
-0.001 -0.003 0.018 0.000 0.023 -0.026 0.003
-0.017 0.018 -0.012 -0.019 0.007 -0.025 -0.006
-0.016 0.020 0.014 -0.010 0.034 -0.013 -0.020
-0.016 0.016 0.033 -0.021 0.021 -0.002 -0.008
-0.011 -0.002 0.047 -0.016 0.024 -0.003 -0.009
-0.036 0.027 -0.009 -0.005 -0.012 -0.011 0.032
-0.024 0.025 0.007 -0.010 -0.002 -0.023 0.008
-0.030 0.007 0.009 0.005 0.009 -0.014 0.010
-0.010 -0.002 0.016 0.010 0.025 -0.034 0.006
-0.022 0.023 0.013 -0.016 0.036 -0.010 -0.026
-0.042 -0.002 -0.001 -0.002 0.017 -0.017 -0.020
-0.028 0.011 0.013 -0.001 -0.005 -0.015 0.004
-0.017 0.002 0.019 0.012 0.027 -0.029 0.011
-0.013 -0.010 0.005 0.011 0.020 -0.032 0.000
-0.008 0.004 -0.027 0.003 0.015 -0.010 -0.014
-0.004 0.000 -0.006 0.001 0.021 0.006 -0.017
0.003 0.005 0.027 0.010 0.010 -0.006 -0.017
0.018 -0.003 -0.014 0.013 0.006 0.010 -0.012
0.009 0.013 -0.015 -0.014 -0.004 -0.003 -0.014
-0.020 0.025 -0.021 -0.011 0.007 0.009 -0.028
-0.020 0.018 -0.010 -0.008 0.007 -0.010 -0.006
-0.024 0.012 -0.012 0.013 -0.008 -0.015 -0.013
-0.002 0.021 -0.012 0.001 -0.005 0.016 0.000
0.003 -0.005 0.001 0.001 0.009 -0.006 0.020
-0.021 0.019 0.004 0.005 0.006 0.024 0.005
-0.024 0.015 -0.016 0.020 -0.002 0.020 0.004
-0.012 0.021 -0.010 -0.020 -0.002 0.007 -0.024
-0.022 0.003 -0.006 0.003 0.004 0.001 -0.009
0.020 0.026 -0.044 -0.011 -0.002 -0.020 -0.020
0.004 0.044 -0.024 0.016 0.006 -0.026 -0.010
-0.033 0.039 0.002 0.014 0.006 -0.001 -0.020
0.018 0.020 0.012 -0.002 0.026 -0.014 -0.008
-0.023 -0.011 -0.014 -0.024 0.000 -0.017 0.002
-0.028 0.026 -0.017 0.000 -0.018 0.011 -0.027
-0.027 0.033 -0.021 0.011 -0.007 0.013 -0.019
-0.004 0.035 -0.007 -0.020 -0.004 0.033 -0.010
-0.008 0.013 -0.022 0.017 -0.009 -0.026 -0.008
-0.005 0.013 -0.020 -0.006 0.003 -0.018 -0.019















































PC8 PC9 PC10 PC11 PC12 PC13 PC14
0.095 -0.003 0.006 0.004 0.006 0.014 -0.010
0.062 -0.021 0.030 0.003 -0.004 0.018 -0.009
0.012 -0.010 -0.002 -0.008 -0.019 -0.010 0.021
0.019 -0.007 -0.014 0.013 -0.016 -0.005 -0.009
0.068 -0.050 0.023 -0.008 -0.007 0.011 0.002
0.079 -0.043 -0.033 0.006 0.010 -0.027 -0.024
0.011 -0.011 -0.021 0.032 -0.029 -0.003 -0.008
0.074 -0.050 0.032 -0.003 0.004 0.022 0.003
0.051 -0.027 0.024 0.002 0.003 0.009 0.003
0.052 -0.040 0.013 0.002 -0.001 0.005 -0.004
0.075 -0.038 0.022 0.016 -0.033 0.012 0.018
-0.003 -0.022 0.017 0.018 -0.025 -0.021 0.020
0.061 -0.023 0.017 0.012 -0.005 -0.010 -0.007
0.001 0.005 -0.008 0.028 -0.010 0.004 0.016
0.022 -0.040 0.023 0.034 0.000 0.004 -0.016
0.017 -0.009 -0.015 0.022 -0.030 0.019 0.000
-0.003 -0.017 0.013 0.002 -0.022 -0.008 0.024
0.026 -0.054 0.031 0.019 0.022 0.015 0.022
0.044 0.001 0.007 -0.008 -0.012 0.027 -0.012
0.026 0.008 0.010 -0.016 -0.006 -0.020 0.007
-0.006 0.011 -0.009 -0.010 0.002 -0.007 0.024
0.024 0.009 0.008 -0.023 -0.010 -0.018 -0.008
0.000 0.011 -0.010 -0.001 -0.002 -0.012 0.030
0.021 0.016 0.001 -0.022 -0.015 0.007 -0.001
-0.001 0.038 -0.023 -0.003 -0.007 -0.009 0.008
0.017 0.020 -0.005 -0.022 -0.021 0.000 0.005
0.000 0.011 -0.018 -0.013 -0.010 -0.019 0.008
0.011 0.018 -0.043 -0.014 -0.011 0.001 -0.007
-0.010 0.009 -0.033 -0.012 -0.019 -0.013 -0.008
-0.020 -0.003 0.016 -0.018 0.025 -0.016 -0.009
-0.031 -0.007 0.023 -0.025 0.045 -0.007 0.004
-0.018 -0.001 -0.026 -0.002 0.026 -0.004 0.002
0.002 -0.007 0.025 -0.007 0.045 -0.006 -0.014
-0.040 0.010 0.008 -0.005 0.005 0.009 0.012
-0.008 -0.014 0.013 -0.018 0.036 0.008 -0.017
-0.040 0.028 -0.007 0.005 -0.016 0.018 -0.004
-0.010 -0.004 -0.034 -0.010 0.033 -0.014 0.008
-0.022 0.019 0.008 0.011 -0.010 0.028 -0.005
-0.051 -0.003 0.007 0.002 -0.016 0.024 0.004
-0.046 0.001 0.011 -0.006 0.046 -0.014 0.072
-0.018 -0.004 -0.015 0.001 0.012 -0.008 0.015
-0.041 -0.001 0.030 -0.004 -0.006 0.010 0.020
-0.046 0.009 -0.016 -0.018 -0.013 -0.022 -0.007















































PC8 PC9 PC10 PC11 PC12 PC13 PC14
-0.067 0.031 -0.037 0.000 -0.013 0.012 -0.008
-0.065 -0.018 -0.023 0.012 0.001 -0.005 0.017
-0.034 -0.011 -0.030 0.004 0.042 -0.024 -0.014
-0.031 0.010 -0.026 -0.001 0.002 0.000 -0.019
-0.050 -0.038 -0.039 0.007 -0.005 0.004 0.011
-0.012 0.004 0.003 -0.013 0.001 -0.008 -0.009
-0.015 -0.022 0.012 0.010 -0.004 0.007 0.016
-0.033 -0.012 0.004 -0.022 -0.029 -0.002 0.002
-0.011 0.029 0.019 -0.043 0.005 0.001 -0.019
0.023 0.018 0.008 -0.032 -0.024 0.000 0.015
-0.035 -0.011 0.029 0.002 -0.034 0.030 0.033
-0.002 0.006 -0.025 0.003 -0.005 0.018 0.016
-0.013 0.000 -0.032 0.003 -0.019 0.032 0.023
-0.008 0.028 -0.041 0.003 -0.011 0.016 0.023
0.006 0.022 -0.026 0.004 0.001 0.000 0.009
0.010 0.009 -0.028 0.011 0.015 -0.017 0.035
-0.011 -0.017 -0.040 0.016 0.011 0.014 0.019
-0.003 0.007 -0.013 -0.004 -0.013 0.017 -0.007
-0.004 -0.024 -0.039 0.009 0.009 -0.007 0.023
-0.001 -0.008 -0.060 0.017 0.007 0.022 -0.003
0.015 0.001 -0.002 0.009 -0.019 0.017 0.017
-0.015 0.006 -0.032 0.009 -0.007 0.033 -0.008
0.010 0.002 -0.012 -0.011 0.004 0.016 0.009
-0.013 -0.009 -0.013 -0.010 0.015 0.016 0.011
0.000 0.007 -0.013 -0.008 0.004 0.010 0.013
-0.011 0.002 -0.020 0.002 0.017 0.014 0.008
-0.018 -0.015 0.025 0.021 0.000 -0.025 -0.003
-0.005 0.009 0.062 0.007 -0.003 0.011 0.000
0.018 0.009 0.039 -0.009 -0.004 -0.002 -0.002
0.001 0.000 0.017 0.015 0.005 -0.023 -0.007
-0.015 -0.025 0.034 0.017 0.002 0.017 0.000
0.013 0.015 -0.007 0.012 0.021 0.007 -0.021
-0.024 -0.021 0.018 0.001 0.020 -0.003 -0.010
-0.031 -0.021 0.003 0.014 0.008 0.014 -0.016
-0.030 -0.026 0.021 0.033 0.019 0.017 0.019
-0.003 -0.010 -0.005 0.013 0.043 -0.016 0.001
-0.007 -0.007 0.011 0.007 0.042 0.012 -0.011
-0.016 -0.009 0.026 0.027 -0.001 0.021 0.013
-0.025 -0.022 0.007 0.035 -0.003 0.006 0.006
-0.019 -0.016 0.028 0.014 -0.016 0.036 0.003
-0.018 0.002 0.008 -0.008 0.013 0.025 -0.033
-0.051 -0.029 -0.006 0.004 -0.005 0.002 0.008
-0.026 -0.027 0.030 0.019 0.007 0.043 -0.001















































PC8 PC9 PC10 PC11 PC12 PC13 PC14
0.019 0.026 0.022 -0.025 -0.023 -0.019 -0.035
0.000 -0.007 0.037 -0.007 0.011 0.009 -0.012
-0.019 -0.003 0.018 -0.002 -0.013 0.030 0.018
0.002 -0.003 0.041 -0.022 0.011 0.014 -0.020
0.003 -0.007 0.054 -0.038 -0.002 0.031 -0.004
0.006 0.024 -0.035 -0.001 0.017 0.010 -0.016
0.031 -0.009 -0.001 -0.005 -0.019 -0.004 0.026
-0.016 0.010 -0.035 -0.005 0.034 0.010 -0.005
0.001 -0.006 -0.054 -0.011 -0.028 0.026 -0.002
-0.002 -0.029 -0.039 -0.021 0.029 0.012 -0.002
-0.019 0.000 -0.032 -0.021 -0.021 0.007 -0.004
0.028 -0.010 0.001 -0.010 0.025 0.034 -0.003
-0.005 0.010 -0.033 -0.011 0.012 0.006 -0.022
-0.027 0.006 -0.010 -0.017 0.012 -0.010 0.002
-0.003 -0.018 -0.019 -0.010 0.029 0.027 -0.002
0.004 -0.007 -0.029 -0.037 0.050 0.027 -0.026
-0.009 -0.003 -0.006 -0.011 0.034 -0.008 -0.023
-0.030 -0.012 -0.018 -0.004 -0.001 0.002 0.011
-0.035 0.029 -0.014 0.004 0.002 -0.018 -0.009
0.034 0.046 0.047 0.005 -0.031 0.015 0.043
0.006 0.024 0.048 0.020 0.000 0.011 0.033
-0.023 0.009 -0.014 -0.004 0.006 -0.022 0.003
-0.020 0.010 -0.019 0.007 -0.009 0.007 0.004
0.018 0.035 0.036 0.011 -0.046 0.044 0.050
0.025 0.039 0.037 -0.001 -0.037 0.042 0.036
-0.007 0.007 0.013 0.007 -0.011 -0.025 0.026
-0.029 -0.046 0.029 -0.001 -0.072 -0.016 0.018
-0.064 -0.031 0.005 -0.017 -0.079 -0.032 0.000
-0.027 -0.024 0.022 -0.027 -0.006 -0.040 0.031
-0.021 0.022 0.024 -0.003 0.005 -0.003 0.014
-0.054 0.009 0.043 0.021 -0.019 0.011 0.030
-0.027 0.029 0.009 0.026 -0.062 -0.017 -0.006
-0.034 0.014 0.020 -0.004 -0.027 -0.012 0.005
-0.009 -0.028 -0.007 0.003 -0.021 -0.047 0.023
-0.031 0.041 0.025 -0.010 0.000 -0.008 0.045
-0.066 0.016 0.018 0.028 -0.040 -0.014 0.038
0.020 0.023 0.023 0.013 0.039 -0.031 -0.003
-0.014 0.033 0.050 0.077 0.008 0.002 -0.012
-0.007 0.035 -0.026 0.062 0.033 0.011 -0.002
-0.018 -0.046 0.023 0.163 0.009 0.007 -0.045
-0.001 0.056 0.028 0.028 0.054 -0.003 0.008
0.019 0.031 0.031 0.031 0.002 -0.041 -0.012
-0.003 -0.008 0.058 0.108 0.005 -0.011 -0.044






































PC8 PC9 PC10 PC11 PC12 PC13 PC14
-0.009 0.007 0.014 0.067 0.042 -0.025 -0.036
0.025 0.027 -0.010 -0.129 -0.013 -0.045 0.063
0.014 0.038 -0.008 -0.073 0.010 -0.002 -0.017
-0.001 -0.018 0.037 -0.032 -0.015 0.004 -0.015
-0.007 0.008 0.019 0.007 -0.023 0.018 0.000
-0.003 0.029 -0.015 0.031 -0.032 -0.019 0.009
0.006 -0.016 -0.006 -0.016 0.001 -0.030 -0.005
0.018 0.002 -0.014 -0.025 0.002 -0.010 -0.018
0.005 0.026 0.015 -0.006 -0.033 -0.004 -0.040
0.032 0.023 -0.002 0.001 -0.033 -0.031 -0.044
0.011 0.006 -0.011 0.011 -0.023 0.026 0.001
-0.001 0.044 -0.025 0.004 0.005 -0.007 0.013
0.009 0.028 0.008 0.012 0.010 0.010 0.002
0.014 0.036 0.003 -0.012 0.007 0.018 -0.017
-0.006 0.016 -0.007 0.024 -0.002 -0.021 0.003
0.025 -0.001 -0.013 -0.054 -0.025 0.019 -0.022
0.011 0.024 0.001 -0.019 -0.017 0.032 -0.022
0.006 0.004 -0.048 0.020 -0.010 0.000 -0.006
-0.022 -0.021 0.032 0.057 -0.002 0.025 -0.046
0.009 0.013 -0.013 -0.028 -0.013 0.037 -0.023
0.012 0.027 -0.035 -0.002 -0.017 0.054 -0.035
0.025 0.031 -0.014 0.013 0.004 0.032 -0.003
0.034 0.002 -0.033 -0.025 -0.013 -0.008 -0.003
0.011 0.010 -0.068 -0.015 0.016 0.009 0.040
0.018 0.022 -0.020 0.002 0.020 0.074 0.001
0.020 -0.027 0.014 0.009 -0.021 0.013 -0.041
0.016 -0.010 0.022 -0.013 -0.003 0.028 -0.009
0.029 -0.006 0.040 -0.018 -0.027 0.032 -0.009
0.030 -0.011 0.027 -0.024 -0.021 0.006 -0.022
0.033 -0.015 0.012 -0.027 0.001 -0.028 -0.027
0.013 0.014 0.030 -0.030 -0.018 0.015 -0.014
0.012 -0.045 0.040 -0.028 -0.040 -0.037 -0.008
-0.053 -0.022 -0.062 -0.023 0.011 0.008 -0.017
-0.022 -0.065 -0.032 0.015 0.032 -0.005 0.035















































PC15 PC16 PC17 PC18 PC19 PC20 PC21
-0.012 -0.024 0.030 0.065 -0.009 0.042 -0.023
-0.001 0.003 0.032 -0.023 -0.004 -0.003 0.022
-0.045 -0.044 0.022 0.012 0.023 0.010 0.017
0.021 0.028 0.062 -0.012 -0.016 0.009 0.026
0.021 0.011 0.019 -0.016 0.017 0.012 0.003
0.001 -0.019 -0.008 -0.010 0.010 0.010 -0.030
0.020 0.015 0.007 -0.032 0.031 -0.003 0.019
0.006 0.006 0.025 -0.035 0.008 0.013 0.008
-0.010 0.020 0.019 0.014 0.023 0.008 0.016
0.015 -0.032 -0.010 -0.001 0.002 0.030 0.007
0.016 0.012 0.000 -0.030 0.007 0.010 0.041
-0.029 -0.021 -0.018 0.048 0.025 0.029 -0.016
0.007 -0.011 -0.001 0.009 0.036 -0.012 -0.018
0.015 -0.003 0.003 0.018 0.041 -0.022 -0.026
0.006 0.001 -0.007 0.018 0.030 -0.001 -0.017
0.033 0.014 -0.003 0.032 0.030 -0.008 -0.008
0.005 0.007 0.002 0.014 -0.002 -0.013 0.007
-0.009 -0.012 0.012 -0.007 -0.020 -0.005 -0.003
-0.006 0.002 -0.010 -0.009 0.009 -0.011 0.005
0.020 0.007 -0.019 -0.017 0.003 0.007 0.010
-0.016 0.007 0.000 -0.009 -0.020 -0.006 -0.006
0.020 0.005 -0.003 0.001 0.000 0.007 0.001
0.007 -0.002 -0.003 -0.010 -0.021 0.007 -0.020
-0.006 -0.002 -0.028 -0.001 -0.016 0.001 -0.001
0.019 0.005 -0.001 0.012 -0.009 -0.015 0.000
0.011 -0.016 0.003 -0.001 0.008 -0.013 0.004
-0.002 0.017 -0.014 0.013 0.016 -0.019 0.006
-0.015 0.008 -0.003 -0.007 0.004 -0.004 0.012
0.002 -0.015 0.008 -0.009 -0.008 -0.013 -0.013
-0.005 -0.012 -0.028 -0.004 0.008 -0.011 -0.006
-0.010 -0.004 -0.005 0.024 -0.002 -0.001 -0.006
0.012 -0.021 -0.010 -0.004 0.004 0.004 0.003
-0.013 0.002 -0.009 -0.003 0.011 0.011 0.010
0.000 -0.018 -0.017 0.003 -0.020 -0.018 -0.005
0.013 0.003 -0.009 -0.007 0.026 0.005 -0.003
0.000 -0.007 0.007 0.005 -0.010 -0.007 -0.001
0.013 0.007 -0.012 0.008 -0.007 0.005 -0.008
-0.001 0.009 -0.005 -0.011 0.033 -0.007 0.002
0.014 -0.014 -0.002 -0.005 -0.004 -0.003 -0.004
0.004 -0.012 0.003 0.003 0.006 -0.013 -0.009
-0.003 -0.035 -0.007 0.004 0.016 0.004 -0.012
0.008 0.001 -0.012 0.013 -0.001 -0.001 -0.016
0.014 -0.008 0.000 -0.018 0.001 -0.002 -0.012















































PC15 PC16 PC17 PC18 PC19 PC20 PC21
0.007 0.015 -0.009 -0.003 0.004 -0.005 0.002
-0.003 -0.013 0.000 -0.010 0.014 0.004 -0.011
0.017 -0.016 -0.003 -0.002 0.014 -0.004 0.000
0.024 -0.010 0.000 -0.013 -0.005 0.001 0.007
0.025 -0.025 -0.027 -0.013 -0.010 0.007 -0.016
0.008 -0.004 -0.023 0.001 -0.006 -0.013 0.001
0.019 -0.019 -0.002 -0.001 0.004 -0.012 0.017
0.008 0.004 -0.013 -0.001 -0.006 -0.003 0.001
-0.023 -0.013 0.027 -0.009 -0.019 0.004 0.003
0.000 0.004 0.024 -0.003 -0.017 0.008 0.002
0.005 -0.003 0.010 -0.008 -0.004 0.011 0.001
0.037 -0.009 0.007 -0.007 -0.001 0.025 0.022
-0.024 0.041 0.004 0.012 -0.017 -0.003 -0.004
0.020 0.025 -0.016 0.003 0.001 -0.007 -0.008
-0.005 0.011 0.011 0.008 -0.021 -0.005 -0.018
-0.014 0.033 0.009 0.002 -0.009 0.026 -0.004
-0.005 0.014 -0.012 0.005 -0.012 0.015 -0.013
0.014 0.004 -0.015 -0.009 0.013 0.003 -0.003
-0.009 -0.017 0.010 0.008 0.002 0.001 0.007
0.005 -0.003 0.019 -0.004 -0.015 0.013 -0.002
0.005 0.026 -0.001 0.016 -0.016 -0.008 -0.011
0.011 -0.001 0.011 -0.011 -0.002 0.020 -0.001
-0.008 -0.004 0.008 -0.006 -0.003 0.013 -0.009
0.000 0.001 0.002 -0.007 -0.009 0.006 -0.002
-0.005 -0.002 0.008 0.007 -0.008 -0.015 -0.007
-0.023 0.048 0.001 0.023 -0.011 -0.006 0.011
-0.006 0.040 -0.016 0.000 0.006 0.010 -0.001
0.012 -0.002 -0.013 0.001 -0.003 0.019 -0.005
-0.009 0.028 0.001 0.004 -0.025 -0.007 -0.009
-0.014 0.017 -0.010 0.005 -0.009 0.006 -0.022
0.009 -0.006 -0.006 0.002 -0.014 0.008 -0.011
0.043 0.021 0.023 0.025 0.013 0.006 -0.001
0.017 -0.004 0.010 -0.018 0.009 0.013 -0.001
0.009 0.014 0.003 -0.022 0.009 0.001 0.003
-0.008 0.028 0.009 -0.009 -0.003 0.023 -0.015
-0.003 0.027 -0.007 -0.012 -0.010 0.022 -0.016
-0.031 -0.027 0.050 -0.006 -0.010 -0.024 -0.021
-0.021 -0.016 -0.003 -0.009 -0.005 0.006 -0.022
0.010 -0.016 0.010 -0.011 0.017 0.011 0.004
-0.012 0.039 0.003 -0.016 0.003 0.015 -0.007
0.015 0.016 -0.006 -0.007 0.001 -0.013 -0.011
0.006 -0.018 0.001 -0.019 0.016 -0.006 -0.005
0.016 0.027 -0.016 -0.015 -0.001 -0.003 -0.022















































PC15 PC16 PC17 PC18 PC19 PC20 PC21
-0.007 -0.031 0.006 -0.003 -0.013 0.009 0.004
-0.016 -0.003 0.008 -0.006 -0.014 0.000 -0.014
-0.027 -0.005 0.003 -0.003 -0.003 0.012 -0.012
-0.005 0.006 0.009 -0.012 -0.012 0.018 -0.009
-0.019 0.025 0.020 0.007 0.007 -0.027 -0.009
-0.011 0.026 0.026 -0.007 -0.014 -0.046 -0.009
0.003 0.007 0.024 -0.013 0.006 -0.006 -0.012
0.012 -0.002 0.006 -0.022 0.015 -0.003 -0.005
0.004 0.002 0.010 -0.013 0.006 -0.005 -0.008
-0.018 -0.029 -0.025 0.007 -0.026 0.016 0.010
-0.004 -0.023 -0.002 0.011 -0.009 0.009 0.020
0.007 -0.019 -0.021 0.005 -0.007 0.005 0.014
0.000 -0.001 -0.015 -0.001 -0.005 -0.006 0.004
0.003 0.006 -0.015 -0.001 -0.004 -0.014 0.019
0.007 0.006 -0.004 -0.008 -0.006 -0.002 0.016
-0.004 0.002 0.002 0.020 0.016 -0.010 0.021
0.007 0.011 0.010 0.004 0.016 -0.001 0.016
0.005 -0.005 -0.012 -0.006 -0.009 0.000 0.002
0.011 -0.034 -0.002 -0.011 -0.004 -0.008 0.003
-0.005 -0.005 -0.007 -0.022 -0.006 0.005 0.029
0.020 -0.011 -0.021 -0.013 0.004 0.016 0.003
0.025 0.002 -0.004 0.015 0.016 -0.027 0.020
0.018 -0.037 -0.020 -0.007 0.024 0.004 0.005
0.016 -0.011 -0.002 0.002 0.019 -0.014 0.000
0.001 -0.013 -0.008 -0.010 0.009 -0.002 0.013
-0.022 -0.023 0.023 0.014 -0.021 -0.028 0.012
0.013 -0.022 -0.023 -0.004 0.027 0.014 0.018
0.016 -0.036 -0.020 -0.008 0.023 0.004 0.007
0.007 -0.011 -0.006 0.008 0.000 -0.011 0.003
-0.003 -0.026 -0.001 -0.007 0.005 -0.004 -0.001
0.001 -0.028 -0.026 0.007 0.014 0.006 0.024
0.023 -0.020 -0.020 -0.006 0.009 0.027 0.013
0.011 -0.016 -0.008 0.010 0.018 0.013 -0.017
0.011 -0.011 -0.020 -0.016 -0.002 -0.001 -0.014
0.009 -0.033 -0.007 0.013 -0.002 -0.008 0.003
0.012 -0.046 0.002 0.011 0.006 -0.011 0.018
0.012 -0.014 -0.003 0.001 -0.006 -0.007 0.015
0.017 -0.025 -0.012 -0.004 0.010 0.007 -0.002
-0.016 0.020 -0.008 0.029 -0.011 0.032 0.043
0.017 0.015 -0.009 0.036 -0.003 0.009 0.013
0.010 0.003 -0.001 0.024 -0.017 0.016 0.015
0.034 0.044 0.006 0.045 0.023 0.032 -0.019
-0.009 0.022 0.005 0.000 -0.010 -0.002 0.020















































PC15 PC16 PC17 PC18 PC19 PC20 PC21
-0.019 0.025 0.012 -0.013 -0.014 0.003 0.012
-0.012 0.016 -0.003 -0.008 -0.008 0.013 -0.009
-0.005 0.007 -0.005 -0.012 0.003 0.004 -0.006
-0.014 0.021 0.029 0.004 0.001 -0.023 0.001
-0.041 0.021 -0.009 -0.006 0.027 -0.003 0.009
-0.021 0.004 -0.004 0.001 0.007 -0.011 -0.008
-0.032 0.005 -0.002 0.005 0.020 -0.026 0.005
-0.017 0.014 0.010 0.004 0.033 0.008 -0.010
-0.004 0.013 0.036 0.014 0.036 -0.019 0.012
-0.003 0.012 0.001 -0.003 0.012 -0.012 0.000
-0.024 0.028 -0.013 0.017 0.000 0.004 -0.008
0.013 0.017 0.003 0.014 0.028 -0.033 0.006
-0.007 0.029 0.001 -0.001 0.025 -0.015 0.005
-0.007 -0.004 0.012 -0.012 0.027 0.013 0.006
0.022 0.004 -0.002 0.010 0.004 -0.007 0.015
-0.018 0.001 0.020 -0.003 0.004 -0.006 0.022
-0.012 -0.005 0.031 -0.002 -0.004 -0.012 0.016
-0.007 -0.004 0.043 -0.003 -0.005 -0.007 0.010
0.011 -0.003 0.015 0.001 0.002 0.006 -0.003
0.012 0.003 -0.005 -0.018 0.003 0.009 -0.004
-0.011 0.002 0.032 -0.019 -0.012 0.016 -0.002
-0.028 0.022 -0.008 -0.013 -0.010 0.019 -0.016
0.033 0.009 0.025 -0.012 0.002 -0.003 0.000
0.018 0.018 -0.002 -0.002 0.009 0.007 0.025
0.037 0.004 -0.005 0.008 -0.002 0.006 0.012
0.009 0.000 -0.002 0.009 -0.028 0.008 -0.006
0.007 0.006 0.016 0.000 -0.035 -0.005 0.006
0.011 0.019 0.012 -0.002 -0.026 -0.008 0.001
0.014 0.021 0.008 -0.020 -0.018 -0.006 -0.007
-0.003 0.005 0.007 -0.008 -0.032 -0.008 0.002
0.015 0.032 0.000 -0.005 -0.025 0.014 0.003
0.015 0.013 0.006 -0.005 -0.011 0.002 0.000
0.003 0.015 0.007 -0.011 -0.022 -0.009 -0.016
0.012 0.005 0.013 -0.022 0.000 -0.016 -0.018
0.011 0.006 0.005 -0.002 -0.012 0.020 -0.009
-0.007 0.005 -0.004 -0.011 0.012 -0.018 -0.001
0.019 0.025 0.017 -0.007 -0.025 -0.005 0.004
0.004 -0.015 0.014 -0.017 -0.018 -0.006 0.013
0.000 -0.025 0.010 -0.015 -0.046 -0.002 0.005
-0.022 -0.002 0.001 -0.021 -0.012 0.009 0.008
0.000 0.008 0.012 -0.013 -0.022 -0.011 -0.016
0.011 0.001 0.019 0.001 -0.011 -0.005 0.009
-0.031 -0.008 0.013 0.009 -0.012 -0.002 0.007















































PC15 PC16 PC17 PC18 PC19 PC20 PC21
-0.014 0.010 0.014 0.007 0.022 0.013 -0.012
-0.018 -0.005 -0.005 0.001 0.022 0.009 -0.015
-0.014 -0.003 0.015 0.012 0.022 -0.002 -0.026
0.007 0.004 -0.018 -0.014 0.009 0.002 -0.012
-0.020 0.000 -0.010 0.011 0.007 0.010 -0.012
-0.004 -0.009 -0.007 -0.008 0.020 0.003 -0.011
0.000 -0.009 -0.005 0.002 0.028 0.009 -0.010
-0.002 0.010 0.035 0.011 -0.020 0.009 -0.010
-0.027 -0.006 0.018 0.015 -0.021 0.004 -0.008
-0.001 0.022 -0.004 0.005 0.010 0.013 0.005
-0.005 -0.004 0.008 -0.005 -0.011 0.007 0.005
-0.008 0.024 0.002 0.007 -0.016 -0.012 -0.010
-0.016 -0.005 0.004 0.033 0.005 -0.004 0.022
0.009 -0.008 0.036 0.017 -0.004 -0.030 0.008
-0.007 -0.010 0.001 0.022 0.024 -0.029 0.026
-0.019 0.017 0.002 0.021 -0.012 -0.013 0.016
0.021 -0.003 -0.015 0.027 -0.022 -0.012 0.035
0.000 0.020 0.004 0.006 0.001 -0.010 0.017
0.006 -0.037 0.029 0.008 -0.019 -0.013 -0.014
0.023 -0.010 0.023 0.011 -0.004 -0.001 0.002
0.023 -0.002 -0.007 0.025 -0.018 -0.015 0.015
-0.005 -0.010 -0.010 -0.007 -0.004 -0.012 0.002
0.017 0.015 -0.014 0.029 -0.006 -0.040 0.008
0.018 -0.021 -0.015 0.024 -0.009 -0.018 -0.001
0.009 0.017 -0.013 0.020 -0.015 -0.004 0.014
-0.014 -0.040 -0.012 0.028 -0.012 -0.003 -0.026
-0.001 -0.018 -0.005 0.001 0.007 -0.009 0.003
-0.013 -0.014 -0.005 0.031 0.025 -0.008 0.031
0.017 -0.013 -0.010 0.026 -0.032 -0.023 0.034
-0.001 -0.008 0.003 0.019 0.017 -0.017 -0.005
0.005 -0.005 -0.001 0.015 -0.001 0.005 0.000
-0.016 -0.015 0.012 0.030 0.001 -0.032 -0.002
0.011 0.003 0.025 0.018 -0.002 -0.018 0.009
-0.002 0.008 0.000 0.015 -0.008 -0.001 -0.011
-0.014 -0.007 0.016 0.012 0.013 -0.004 0.013
-0.017 0.003 0.010 -0.016 -0.004 0.010 -0.013
-0.004 0.009 0.029 -0.008 0.003 0.004 -0.026
-0.009 0.002 0.007 -0.001 -0.003 0.000 0.003
-0.002 0.011 0.004 -0.003 -0.008 0.009 -0.011
-0.018 0.004 0.021 0.016 0.006 -0.004 -0.006
-0.007 0.028 0.007 0.002 -0.001 -0.008 0.005
-0.007 0.015 0.003 -0.009 -0.008 0.016 0.004
0.013 -0.008 0.007 -0.013 -0.014 0.026 -0.004















































PC15 PC16 PC17 PC18 PC19 PC20 PC21
-0.068 -0.023 0.012 0.084 0.002 0.042 -0.010
0.013 0.044 0.029 -0.001 -0.029 0.016 -0.009
-0.013 0.012 0.038 0.029 -0.035 0.006 -0.009
0.034 0.000 0.016 -0.009 -0.034 0.007 0.024
-0.024 -0.023 0.016 0.024 0.002 0.037 0.011
0.036 -0.003 -0.009 -0.004 0.002 -0.001 0.006
-0.003 0.008 -0.014 -0.006 -0.001 0.010 0.004
0.021 0.004 -0.022 0.011 0.001 0.014 -0.001
0.028 0.013 -0.008 0.007 0.014 -0.004 0.010
0.008 0.021 -0.031 0.009 0.008 0.020 -0.006
-0.004 0.019 -0.009 0.006 0.017 0.015 0.017
-0.011 0.025 -0.014 -0.002 0.002 0.010 0.009
0.035 0.025 -0.018 0.014 -0.006 0.014 -0.007
0.035 -0.018 -0.003 -0.010 0.001 0.007 0.007
0.012 0.009 -0.031 0.000 0.000 -0.004 -0.009
0.012 0.009 -0.003 0.002 -0.001 -0.006 -0.001
0.001 -0.005 -0.001 0.004 0.001 0.022 -0.010
0.005 0.017 -0.002 -0.007 0.021 0.002 0.005
0.009 -0.010 0.012 -0.024 0.011 0.024 0.012
0.012 -0.011 -0.004 -0.007 -0.012 0.007 -0.010
0.004 0.000 -0.007 -0.022 -0.004 -0.007 -0.018
0.017 0.016 -0.015 0.000 -0.003 -0.014 0.001
0.040 -0.016 0.016 0.015 -0.010 -0.001 -0.018
0.007 -0.007 -0.006 -0.009 0.010 0.003 0.014
0.020 -0.016 0.010 -0.009 0.004 0.006 0.000
0.014 -0.008 -0.011 -0.013 -0.014 0.003 -0.013
0.011 0.025 -0.035 -0.002 -0.026 -0.011 -0.011
0.004 0.016 -0.026 0.011 0.004 -0.019 0.001
-0.009 -0.012 0.004 -0.007 0.009 -0.029 0.009
0.001 -0.009 -0.034 -0.005 -0.006 -0.024 -0.012
0.030 0.024 -0.015 -0.016 -0.010 -0.007 0.008
-0.002 0.011 -0.039 0.013 -0.020 -0.027 0.016
-0.001 0.015 -0.017 -0.005 -0.011 0.000 -0.009
0.019 -0.017 0.009 0.008 0.016 -0.008 -0.031
0.010 0.003 -0.033 -0.004 -0.013 -0.020 -0.011
0.007 -0.008 -0.025 -0.010 -0.016 -0.013 -0.001
0.017 -0.011 -0.019 0.010 -0.004 -0.016 -0.013
0.002 0.003 -0.036 0.028 -0.005 -0.014 0.003
-0.001 -0.022 -0.023 0.011 -0.021 -0.018 -0.008
0.001 -0.002 -0.020 0.018 -0.013 -0.013 -0.019
0.001 -0.016 -0.023 0.002 0.022 -0.018 -0.008
0.012 0.011 -0.023 -0.005 0.005 -0.002 0.006
0.011 -0.017 -0.023 0.003 -0.019 -0.014 0.013















































PC15 PC16 PC17 PC18 PC19 PC20 PC21
-0.009 0.026 0.006 -0.006 0.021 0.008 0.006
0.000 0.000 0.014 0.000 0.009 -0.012 -0.011
-0.013 -0.015 0.017 -0.014 -0.002 -0.018 0.004
-0.013 0.001 -0.002 -0.010 0.002 0.016 -0.018
-0.003 0.024 -0.008 0.023 0.017 0.019 -0.017
0.004 0.003 -0.009 0.014 0.009 0.001 -0.012
-0.023 -0.010 -0.007 -0.003 0.014 0.002 -0.014
0.004 0.000 0.010 0.004 0.022 0.026 -0.002
0.007 0.014 0.014 0.019 0.001 0.017 -0.016
-0.013 0.014 -0.011 0.002 0.006 0.005 -0.018
-0.011 -0.002 0.000 -0.006 0.022 0.025 -0.008
-0.022 0.000 -0.011 -0.008 -0.009 0.006 -0.006
0.002 0.018 -0.003 0.008 0.005 0.009 0.006
-0.024 -0.007 -0.004 -0.019 0.006 0.006 0.006
-0.039 0.004 0.021 -0.011 -0.004 0.011 -0.021
-0.026 -0.027 -0.007 -0.003 0.021 0.011 -0.045
-0.028 0.006 0.031 -0.010 0.001 0.010 -0.006
-0.041 -0.007 0.027 -0.026 0.015 0.007 -0.019
0.008 0.006 -0.012 0.005 0.006 -0.019 0.014
-0.017 -0.009 0.018 -0.018 0.008 -0.024 -0.001
-0.021 -0.004 0.020 -0.015 0.012 -0.011 -0.005
-0.017 -0.028 0.038 -0.009 0.013 -0.017 0.011
-0.005 0.005 0.004 -0.015 0.011 -0.019 -0.004
0.003 0.006 0.006 0.000 0.004 -0.011 -0.001
-0.024 -0.015 -0.001 -0.005 0.014 -0.026 -0.010
-0.017 -0.024 0.013 -0.016 -0.004 -0.009 -0.011
-0.033 -0.006 0.033 -0.039 0.009 -0.019 0.003
-0.019 -0.015 0.026 -0.025 0.013 -0.014 0.005
-0.011 -0.015 -0.001 -0.010 0.010 -0.009 0.019
-0.014 0.021 0.009 -0.006 0.006 -0.010 0.000
-0.016 -0.008 -0.004 0.001 0.030 -0.005 0.003
-0.005 0.022 -0.014 0.000 0.026 -0.002 0.002
0.012 -0.005 0.005 -0.024 0.026 -0.010 0.021
-0.007 0.022 -0.019 -0.006 0.015 0.009 0.002
0.009 -0.006 -0.012 -0.017 0.011 -0.005 0.001
-0.003 0.010 -0.010 0.018 0.007 0.031 0.008
-0.018 0.006 -0.004 0.024 -0.003 0.017 0.007
-0.008 0.020 -0.027 0.011 0.021 0.021 -0.011
-0.001 -0.005 -0.009 0.020 -0.007 0.008 -0.005
-0.026 -0.018 0.023 0.006 0.027 -0.005 -0.003
-0.009 0.002 -0.006 0.006 0.013 0.022 0.009
0.003 -0.011 0.013 0.007 0.024 -0.016 -0.002
0.003 -0.001 0.016 -0.011 0.002 0.008 0.011















































PC15 PC16 PC17 PC18 PC19 PC20 PC21
-0.010 0.019 -0.009 0.028 0.010 0.022 -0.015
0.004 -0.006 -0.007 0.042 -0.015 -0.018 0.006
-0.017 -0.019 0.014 0.017 0.014 0.004 0.004
-0.022 -0.040 0.001 0.010 -0.005 0.004 0.005
0.000 -0.013 -0.017 0.038 0.005 -0.033 0.003
0.002 -0.010 -0.001 0.021 0.001 0.014 0.017
0.001 -0.027 -0.017 0.029 -0.007 -0.018 -0.014
0.019 -0.024 0.006 0.019 -0.017 -0.004 0.022
-0.021 -0.019 0.005 0.012 -0.002 0.003 0.011
0.003 -0.019 -0.023 0.016 0.003 0.007 0.033
0.008 0.016 0.000 0.018 -0.010 -0.013 -0.025
-0.012 0.010 -0.010 -0.001 -0.009 0.015 -0.003
-0.026 -0.003 0.005 -0.010 -0.005 0.003 -0.012
-0.017 0.016 0.003 -0.011 0.002 0.020 -0.010
0.005 0.015 0.001 -0.001 -0.004 -0.001 -0.017
-0.010 0.008 0.003 -0.011 0.032 -0.016 0.001
0.001 0.021 -0.002 0.008 -0.009 0.003 0.000
0.007 0.007 0.002 -0.017 -0.008 0.014 0.006
-0.014 0.025 -0.003 -0.014 0.005 -0.003 0.008
0.000 0.019 -0.002 -0.005 -0.010 0.005 0.003
-0.002 0.014 0.000 -0.005 -0.013 0.005 0.002
0.002 -0.003 0.021 -0.015 -0.010 0.029 -0.002
-0.003 0.005 0.013 -0.008 -0.019 -0.007 0.014
-0.002 0.015 0.019 0.009 -0.003 -0.003 0.005
-0.018 0.023 0.019 -0.004 -0.011 0.003 0.001
-0.020 0.022 0.010 -0.008 -0.010 0.003 0.016
0.014 -0.008 -0.018 0.013 -0.012 0.021 -0.015
0.024 -0.020 0.025 -0.020 0.021 0.023 -0.007
-0.025 -0.012 0.021 -0.016 0.013 -0.006 -0.002
0.018 -0.008 -0.010 -0.011 0.007 0.018 -0.005
0.007 0.018 -0.015 -0.007 -0.012 -0.004 -0.004
0.026 0.005 -0.015 -0.015 0.002 0.010 0.030
-0.006 -0.003 -0.016 -0.005 -0.012 0.017 0.002
0.040 -0.003 -0.004 -0.001 -0.005 -0.008 -0.029
0.021 0.003 0.005 -0.012 0.004 -0.016 -0.011
0.010 -0.004 -0.010 0.009 0.006 -0.011 -0.010
0.007 -0.003 -0.035 -0.008 0.000 0.015 -0.023
0.014 -0.002 -0.012 0.001 0.001 0.001 -0.010
0.024 -0.004 -0.003 0.004 -0.014 -0.003 -0.024
0.021 -0.008 -0.015 -0.001 -0.001 -0.002 -0.025
0.011 -0.021 -0.004 -0.015 -0.003 0.009 -0.016
-0.009 -0.002 0.003 -0.008 -0.001 -0.015 -0.012
0.017 -0.015 -0.009 -0.013 -0.018 0.005 -0.029















































PC15 PC16 PC17 PC18 PC19 PC20 PC21
0.034 -0.023 0.024 -0.004 0.006 0.000 0.012
0.017 -0.023 0.018 -0.017 -0.012 0.004 0.006
0.017 -0.003 0.019 0.013 -0.007 -0.011 0.001
0.020 -0.002 0.000 0.005 -0.016 0.013 0.015
0.011 -0.018 -0.005 -0.003 0.011 -0.014 0.010
-0.009 -0.013 -0.011 0.018 0.009 0.011 0.016
-0.016 -0.003 0.002 -0.001 0.007 0.019 0.004
0.020 -0.011 -0.002 0.004 0.003 0.007 -0.006
0.017 0.007 0.033 0.003 0.008 0.002 -0.011
-0.001 -0.001 0.006 0.008 -0.002 0.019 0.014
-0.005 0.009 0.014 0.015 -0.010 0.009 -0.008
-0.015 -0.011 -0.010 0.015 0.005 0.008 0.023
-0.022 -0.006 0.015 0.005 0.012 0.010 -0.003
-0.008 -0.009 0.014 0.016 0.005 0.016 0.000
-0.015 -0.009 0.028 -0.004 -0.024 0.013 0.007
-0.017 -0.003 0.026 -0.016 -0.018 0.004 -0.009
0.000 0.009 0.023 0.011 0.009 0.023 0.010
0.008 -0.011 0.005 0.002 -0.016 -0.008 0.011
-0.016 0.034 0.002 -0.002 -0.005 -0.006 0.015
0.017 0.012 -0.022 0.011 0.017 -0.002 0.016
0.005 0.012 0.009 0.019 -0.001 -0.007 0.019
0.008 0.024 -0.010 -0.013 -0.011 -0.014 0.004
-0.007 0.033 -0.037 -0.011 -0.018 -0.014 -0.009
0.021 -0.008 -0.010 0.008 0.012 0.012 0.000
0.022 0.004 -0.023 0.004 0.018 0.016 -0.022
0.000 0.003 -0.011 -0.026 -0.036 -0.022 0.001
0.009 0.033 0.024 -0.003 0.006 0.009 0.017
-0.003 0.017 0.017 -0.016 0.000 0.005 0.007
-0.005 0.033 -0.010 0.022 -0.028 -0.022 0.006
0.005 0.008 0.014 0.035 -0.013 -0.028 -0.032
0.004 -0.020 0.028 -0.001 0.000 -0.012 -0.006
0.010 0.002 -0.004 -0.001 0.041 0.001 0.013
0.019 0.006 0.023 -0.008 0.024 0.000 -0.022
0.031 0.032 0.024 -0.003 -0.003 0.006 0.016
0.018 0.012 0.033 0.024 0.002 -0.013 -0.009
0.013 -0.010 0.028 0.011 0.022 0.008 0.032
-0.002 -0.028 0.003 0.016 0.004 0.000 -0.022
0.039 -0.001 -0.013 0.007 0.000 -0.012 -0.005
0.059 -0.019 -0.018 -0.039 -0.003 0.004 0.002
-0.032 -0.002 -0.025 0.002 0.011 -0.022 0.035
0.024 -0.020 0.011 0.009 -0.013 0.010 0.010
0.003 0.011 -0.022 -0.023 0.023 0.014 -0.003
-0.035 -0.003 -0.031 -0.023 -0.023 -0.025 0.016






































PC15 PC16 PC17 PC18 PC19 PC20 PC21
0.012 0.022 -0.009 -0.010 0.017 -0.009 -0.014
0.039 0.009 -0.013 -0.007 0.003 -0.033 -0.051
0.001 -0.009 0.000 0.002 0.004 -0.010 -0.011
-0.025 0.008 -0.008 -0.006 -0.036 -0.017 -0.003
0.001 0.010 -0.015 -0.016 -0.025 -0.008 0.019
-0.001 0.043 -0.026 -0.025 0.018 0.010 0.022
-0.019 0.010 -0.018 -0.006 -0.015 -0.001 -0.007
-0.024 0.032 0.000 -0.014 -0.009 -0.012 0.012
-0.027 -0.001 -0.011 0.004 -0.012 0.013 0.002
-0.012 0.021 -0.003 0.007 0.038 0.012 -0.004
-0.008 -0.031 -0.012 0.001 -0.009 -0.007 0.003
-0.026 -0.015 -0.002 0.025 -0.030 -0.004 -0.015
-0.010 -0.006 0.003 0.007 -0.013 0.015 0.004
-0.007 -0.023 -0.006 0.008 -0.014 0.004 -0.008
-0.020 -0.010 -0.012 0.010 -0.034 0.007 -0.020
-0.019 -0.005 0.009 0.002 -0.008 -0.012 0.003
0.023 -0.005 0.013 -0.007 0.009 0.013 -0.018
0.012 -0.025 0.020 0.000 0.009 0.014 0.001
-0.051 0.029 -0.005 -0.029 0.032 -0.024 -0.008
0.005 -0.036 0.014 -0.012 -0.016 0.021 -0.007
0.003 -0.031 -0.003 -0.009 -0.001 0.008 0.016
0.004 -0.040 -0.022 -0.035 0.010 0.015 -0.003
0.007 -0.039 -0.006 -0.013 -0.008 0.020 -0.006
-0.025 -0.032 -0.022 0.010 -0.012 0.009 0.044
0.003 -0.014 -0.014 -0.065 0.004 -0.003 0.012
-0.014 -0.017 0.025 -0.007 0.007 0.004 0.016
-0.006 -0.022 0.001 -0.011 -0.022 -0.003 0.017
0.000 -0.007 -0.024 -0.011 -0.018 -0.006 0.015
-0.009 -0.023 0.011 -0.014 -0.010 -0.021 -0.001
-0.008 -0.017 -0.006 -0.022 -0.022 0.000 0.003
-0.024 -0.011 0.000 -0.019 -0.015 -0.005 0.005
-0.153 0.005 -0.092 -0.036 0.025 -0.024 0.003
0.000 0.027 0.002 0.022 0.034 -0.003 0.022
-0.010 0.016 -0.028 0.019 -0.005 -0.004 -0.004















































PC22 PC23 PC24 PC25 PC26 PC27 PC28
0.008 -0.017 0.018 -0.016 -0.006 0.007 -0.017
0.003 -0.021 0.001 0.015 0.013 0.003 -0.013
-0.031 0.006 0.003 -0.022 -0.002 0.009 -0.013
0.014 -0.010 -0.015 0.016 0.002 -0.006 0.008
0.013 -0.030 0.006 0.011 -0.007 0.021 0.007
0.007 0.027 -0.016 -0.030 0.003 -0.032 -0.022
-0.003 -0.027 -0.007 -0.017 0.015 0.012 0.016
0.008 -0.026 -0.006 -0.004 0.009 0.018 -0.010
0.021 0.025 -0.002 0.029 0.035 0.020 0.007
0.018 -0.006 0.009 0.023 0.004 -0.024 -0.004
0.002 -0.032 0.005 -0.008 0.019 -0.013 0.009
0.020 0.012 0.005 -0.043 -0.006 0.011 -0.024
-0.004 0.001 -0.013 -0.007 -0.013 -0.002 -0.006
-0.014 0.002 -0.020 -0.018 -0.006 0.010 0.001
-0.003 -0.003 -0.009 -0.003 -0.012 0.009 0.000
0.000 -0.007 -0.009 -0.007 -0.021 -0.008 -0.013
0.008 -0.003 -0.014 0.014 -0.001 -0.006 0.010
0.024 0.000 0.004 -0.021 0.007 -0.002 -0.015
0.010 -0.008 -0.007 0.005 -0.006 -0.010 -0.008
0.009 -0.003 -0.007 0.009 -0.006 -0.008 -0.004
-0.004 0.016 -0.010 0.009 -0.012 -0.009 -0.007
-0.003 0.011 0.012 0.010 -0.013 -0.005 -0.005
0.009 0.004 0.011 0.012 -0.014 -0.011 -0.013
-0.003 0.013 0.000 -0.002 -0.004 -0.009 -0.012
-0.003 0.006 0.005 0.011 -0.001 -0.013 -0.002
0.015 -0.002 0.010 -0.012 0.001 0.003 -0.001
-0.009 0.011 -0.005 0.006 -0.003 0.001 0.004
0.018 0.009 -0.009 -0.003 -0.008 0.005 0.001
0.008 -0.014 0.020 -0.003 0.004 0.010 0.007
-0.017 0.004 -0.007 -0.005 -0.004 -0.002 -0.005
-0.005 0.001 -0.005 0.017 0.001 0.000 0.000
-0.003 0.002 -0.006 -0.001 -0.006 0.000 -0.008
0.016 0.014 0.009 -0.003 0.003 -0.006 0.000
-0.012 0.007 -0.003 0.020 -0.004 -0.013 -0.011
-0.010 -0.004 -0.007 0.027 -0.010 -0.001 0.003
-0.005 -0.012 0.010 0.021 -0.002 -0.010 -0.001
0.010 -0.009 -0.006 0.012 -0.008 0.000 0.002
-0.005 0.002 -0.012 0.007 -0.011 -0.005 0.001
-0.004 -0.004 -0.004 0.012 -0.011 0.001 0.002
0.005 -0.012 0.014 0.009 -0.016 0.009 -0.005
-0.017 0.019 0.002 -0.010 0.007 -0.001 0.007
0.009 -0.008 -0.007 0.003 0.002 -0.006 -0.002
-0.005 0.005 0.012 -0.002 0.004 -0.007 0.001















































PC22 PC23 PC24 PC25 PC26 PC27 PC28
-0.016 0.001 -0.001 0.004 -0.004 0.000 0.005
0.007 -0.009 -0.031 -0.004 -0.009 -0.002 0.008
-0.004 -0.002 0.012 -0.008 0.004 -0.005 -0.007
-0.002 0.010 -0.006 -0.011 0.001 -0.007 -0.007
-0.008 0.007 -0.006 -0.001 -0.011 -0.014 -0.003
-0.006 0.008 -0.001 0.003 -0.003 0.006 0.013
-0.003 0.011 0.013 -0.022 0.002 -0.005 0.014
0.005 0.000 0.004 -0.012 -0.006 -0.011 0.006
0.049 -0.003 -0.020 0.008 -0.005 0.002 0.017
0.020 -0.009 -0.013 -0.011 -0.015 0.001 0.004
0.019 -0.025 -0.014 0.001 -0.003 0.010 0.017
0.005 -0.013 -0.019 -0.013 -0.014 -0.003 -0.007
-0.015 -0.006 0.014 0.008 0.005 0.023 0.012
0.011 -0.016 -0.008 -0.001 0.005 -0.001 0.025
-0.010 -0.008 0.006 0.015 0.009 0.024 0.006
0.009 0.001 0.018 0.010 -0.013 0.004 0.015
-0.001 -0.004 -0.002 0.001 -0.005 0.001 0.007
-0.016 0.010 -0.012 -0.001 -0.013 -0.005 -0.007
-0.015 0.003 0.001 -0.006 0.007 0.010 0.011
0.000 0.012 0.007 -0.002 -0.006 0.014 0.008
-0.019 -0.006 -0.006 0.014 -0.005 0.001 -0.001
0.001 -0.008 0.003 -0.008 0.003 0.008 0.014
-0.004 0.016 0.017 0.001 -0.011 0.008 0.011
0.006 0.016 0.021 -0.008 -0.004 -0.006 0.006
-0.015 0.014 -0.011 0.019 0.001 -0.005 -0.007
0.007 0.010 -0.004 0.025 -0.006 -0.003 0.003
-0.005 -0.017 0.019 -0.002 -0.001 0.004 0.009
0.019 0.001 -0.002 -0.010 0.005 -0.007 0.001
-0.011 -0.001 0.002 -0.010 -0.002 0.009 0.012
0.006 -0.009 0.021 -0.012 0.001 -0.001 0.018
-0.003 0.001 -0.005 0.004 0.001 0.002 0.004
-0.024 -0.023 -0.010 0.039 -0.037 0.046 -0.069
0.002 -0.020 -0.002 -0.010 0.003 0.004 -0.007
0.000 0.017 -0.006 -0.023 -0.014 0.011 0.007
-0.005 -0.005 0.000 -0.003 -0.008 -0.002 -0.007
0.018 -0.009 -0.011 -0.005 -0.001 0.000 -0.001
-0.021 0.011 -0.020 0.020 0.007 -0.014 -0.012
-0.005 -0.016 -0.005 -0.010 0.002 -0.002 -0.009
-0.006 0.019 -0.008 -0.004 -0.005 -0.027 -0.003
0.004 0.003 -0.016 0.002 -0.006 -0.016 0.000
0.000 -0.017 -0.002 0.000 -0.005 -0.002 0.011
-0.002 0.003 0.011 -0.019 -0.006 0.009 0.016
-0.002 -0.002 0.006 -0.003 -0.004 -0.011 -0.008















































PC22 PC23 PC24 PC25 PC26 PC27 PC28
-0.005 0.013 0.000 0.011 0.014 -0.003 -0.004
0.015 -0.009 0.005 -0.004 0.001 -0.003 -0.010
-0.012 -0.010 0.015 0.003 0.015 -0.001 0.001
-0.008 0.001 0.022 -0.022 0.006 -0.001 0.001
0.003 -0.001 -0.003 -0.014 -0.002 -0.004 0.005
-0.002 0.010 -0.022 -0.013 -0.007 -0.025 0.003
-0.009 0.012 -0.010 -0.010 0.009 0.010 0.000
-0.014 -0.010 -0.009 -0.001 0.007 -0.013 -0.005
-0.012 0.004 -0.005 0.002 0.012 0.006 0.012
-0.001 0.013 0.015 0.010 0.033 0.022 -0.006
0.021 0.005 -0.003 -0.001 0.002 -0.002 -0.008
0.009 -0.004 0.007 0.001 -0.002 0.020 0.018
-0.005 -0.002 -0.007 0.019 -0.006 -0.001 0.008
-0.011 0.004 -0.013 0.016 -0.010 0.000 -0.006
-0.009 0.003 0.004 0.011 -0.008 -0.002 -0.001
0.004 0.016 0.023 0.014 0.008 0.009 0.013
0.015 0.008 0.021 0.013 0.001 0.001 -0.015
0.004 -0.002 0.003 0.012 0.002 -0.008 0.004
-0.006 0.007 -0.014 0.007 -0.003 0.004 0.009
-0.003 -0.018 0.005 -0.005 -0.006 0.001 -0.012
0.005 0.003 0.006 -0.001 -0.009 0.011 -0.002
-0.015 -0.003 -0.002 0.015 -0.002 -0.007 0.003
0.016 0.000 0.003 0.000 0.014 0.005 -0.006
0.003 0.007 0.016 -0.004 0.010 0.014 -0.012
-0.011 -0.004 0.002 -0.004 0.014 0.005 0.003
-0.028 -0.012 -0.005 0.022 0.018 0.004 0.003
-0.006 0.003 -0.004 0.014 -0.002 0.001 -0.012
0.015 0.006 0.002 0.002 0.011 0.005 -0.005
-0.009 0.006 0.000 0.003 -0.002 -0.006 0.013
0.001 -0.010 0.005 0.014 0.005 0.004 -0.011
-0.011 -0.011 0.004 -0.001 0.000 0.000 -0.024
-0.003 0.004 0.007 0.003 0.004 -0.006 -0.017
0.028 -0.001 0.011 0.017 0.010 0.002 -0.012
0.009 -0.010 -0.012 0.009 -0.002 0.007 -0.001
0.007 0.020 0.009 -0.001 0.010 0.007 0.008
-0.003 0.005 0.008 -0.006 0.011 0.017 0.016
-0.001 -0.010 0.014 0.005 0.001 0.000 0.005
-0.005 -0.007 -0.001 0.012 0.003 0.005 0.007
-0.031 -0.022 -0.020 0.024 0.016 -0.007 0.012
-0.016 0.011 -0.019 -0.009 -0.007 -0.005 0.014
-0.007 0.009 0.002 -0.015 -0.010 -0.011 0.011
0.001 -0.013 0.006 -0.022 0.009 -0.019 0.004
0.022 -0.011 0.008 -0.001 -0.002 0.004 -0.009















































PC22 PC23 PC24 PC25 PC26 PC27 PC28
0.024 -0.008 0.010 0.004 0.008 0.002 -0.007
-0.018 -0.006 0.015 0.005 0.004 -0.003 0.000
-0.003 -0.003 -0.005 -0.003 0.009 -0.010 -0.012
0.017 0.014 0.016 -0.003 0.000 0.002 0.011
0.009 -0.001 -0.010 0.004 -0.001 -0.002 -0.014
-0.008 0.009 -0.007 0.000 0.006 -0.010 -0.003
-0.009 0.013 -0.006 -0.008 0.002 -0.006 -0.012
0.007 -0.002 0.001 -0.006 -0.008 -0.007 0.008
0.003 0.001 -0.003 0.007 -0.018 0.006 -0.006
0.001 -0.001 -0.018 -0.004 -0.001 -0.005 0.006
-0.018 0.016 0.000 0.003 -0.007 0.000 0.014
-0.023 -0.006 0.000 -0.013 -0.012 0.005 0.006
-0.007 0.006 -0.010 0.005 -0.001 0.006 0.003
-0.012 -0.005 -0.009 -0.017 0.002 0.011 -0.003
-0.003 -0.008 0.010 -0.026 0.000 -0.025 0.015
0.011 0.006 -0.024 0.002 -0.006 0.004 0.007
0.032 -0.013 -0.007 -0.019 0.001 0.012 -0.008
0.016 -0.021 -0.018 -0.021 0.008 0.016 0.013
-0.020 0.014 0.001 -0.010 -0.014 -0.003 0.009
-0.028 0.001 0.008 0.003 0.002 -0.015 0.000
0.011 0.013 0.005 0.001 0.005 -0.011 -0.013
-0.005 0.012 0.010 0.002 0.002 -0.005 -0.004
-0.004 0.009 0.008 -0.015 -0.012 -0.001 -0.010
0.014 0.000 -0.005 -0.010 -0.004 -0.013 -0.012
0.000 0.013 0.021 -0.009 -0.003 0.006 0.008
-0.020 -0.003 0.018 -0.008 -0.001 -0.005 -0.001
0.015 0.000 0.015 -0.007 -0.003 0.008 -0.019
0.012 -0.002 0.006 -0.003 0.001 0.005 -0.010
0.017 -0.002 0.001 -0.003 0.016 0.001 -0.007
-0.002 0.008 0.015 0.008 0.003 0.004 0.002
0.006 0.001 0.017 0.017 0.007 0.003 0.012
0.007 -0.009 0.014 -0.002 0.002 0.000 -0.001
0.001 -0.006 -0.003 0.009 0.011 0.003 -0.001
0.000 -0.006 0.000 0.016 0.003 -0.006 0.012
-0.011 -0.012 -0.023 -0.024 0.001 -0.006 0.024
0.006 -0.012 -0.013 -0.006 0.004 0.003 0.016
0.000 0.008 -0.008 -0.010 0.000 0.000 -0.008
-0.003 -0.007 0.003 -0.013 0.001 -0.001 -0.002
-0.024 0.000 0.020 -0.008 0.008 0.009 -0.021
0.011 -0.014 -0.010 -0.012 0.008 0.015 -0.005
0.004 -0.011 -0.001 -0.005 0.003 -0.001 0.006
0.040 -0.011 0.034 0.004 -0.029 0.011 -0.012
0.014 0.009 -0.017 -0.020 -0.010 0.004 -0.016















































PC22 PC23 PC24 PC25 PC26 PC27 PC28
0.017 0.008 0.017 0.010 -0.010 0.016 0.004
0.018 0.025 0.017 -0.001 -0.005 0.007 -0.007
0.016 0.017 -0.008 0.012 -0.007 0.013 -0.004
0.023 0.013 0.000 -0.001 -0.014 0.008 -0.009
0.002 0.019 -0.011 0.009 0.012 0.023 -0.015
-0.002 -0.003 0.002 -0.002 0.005 0.019 -0.003
0.011 -0.002 -0.005 0.004 0.005 0.016 -0.019
0.012 0.002 0.011 0.015 0.007 -0.019 -0.007
0.003 0.030 -0.002 0.014 0.018 -0.013 0.004
-0.004 0.020 -0.014 0.009 0.002 -0.007 0.004
0.012 -0.001 0.018 -0.004 0.012 -0.008 0.005
0.004 -0.027 0.012 0.007 0.004 0.004 0.011
0.025 -0.013 0.011 -0.010 0.020 0.004 -0.007
-0.001 0.006 0.005 -0.001 -0.003 -0.013 -0.009
-0.001 -0.011 0.002 -0.012 0.007 0.000 0.003
0.006 -0.002 0.000 -0.005 0.017 -0.015 -0.001
0.005 -0.015 -0.001 0.006 0.003 0.009 0.016
0.001 -0.015 0.008 -0.015 0.001 0.004 0.011
0.009 -0.003 0.010 -0.015 -0.001 -0.008 -0.005
0.006 -0.008 0.000 0.000 -0.002 -0.007 -0.010
-0.023 0.013 0.001 0.007 -0.004 -0.004 -0.006
-0.004 -0.003 -0.003 0.012 0.006 -0.014 0.010
-0.021 0.009 -0.004 0.000 -0.009 0.006 0.006
0.004 -0.012 0.009 -0.010 -0.008 -0.014 -0.008
-0.007 0.019 -0.008 0.006 -0.024 -0.006 0.006
0.012 -0.021 -0.021 0.005 0.009 -0.001 -0.002
0.001 -0.015 0.005 -0.001 -0.016 -0.015 -0.001
-0.007 0.000 -0.017 0.015 0.015 -0.010 -0.002
0.024 -0.008 -0.013 0.010 0.007 0.015 -0.006
0.007 -0.004 -0.006 -0.005 0.018 0.019 -0.001
0.015 -0.010 -0.010 0.006 0.013 -0.009 -0.008
-0.035 0.000 0.018 -0.012 -0.008 -0.020 -0.003
-0.013 -0.001 -0.010 -0.003 -0.009 -0.008 -0.001
0.017 -0.020 -0.004 -0.009 -0.004 0.003 0.002
0.000 -0.006 -0.001 0.007 -0.006 -0.017 -0.014
0.001 -0.006 -0.004 0.008 -0.008 -0.008 0.017
0.003 -0.005 0.012 0.012 -0.016 -0.001 0.003
-0.004 0.013 -0.005 0.005 0.003 0.006 0.001
-0.018 0.010 0.008 0.016 -0.008 -0.013 0.021
0.008 0.002 -0.007 0.013 0.005 0.013 -0.003
0.000 0.004 -0.006 0.012 -0.008 -0.002 0.011
-0.008 0.025 -0.011 0.008 -0.008 0.001 0.011
0.007 0.000 -0.004 -0.004 0.011 0.000 0.000















































PC22 PC23 PC24 PC25 PC26 PC27 PC28
-0.015 0.022 -0.040 -0.030 -0.047 0.001 -0.005
-0.015 -0.012 -0.023 -0.022 0.002 0.019 0.025
0.002 -0.016 -0.022 0.002 -0.014 -0.006 -0.003
-0.026 -0.018 -0.009 0.007 0.008 -0.013 -0.014
-0.030 -0.004 -0.015 0.003 -0.012 0.009 0.005
-0.015 0.011 0.025 -0.007 -0.010 0.000 0.009
0.007 0.013 -0.009 0.004 0.002 -0.011 0.007
0.006 -0.006 0.001 -0.001 -0.001 -0.006 -0.004
0.006 0.007 0.026 0.009 -0.007 -0.005 0.006
-0.011 0.021 0.011 0.008 -0.010 -0.011 0.004
0.006 0.016 0.003 0.004 0.004 0.003 -0.015
0.006 -0.007 0.005 -0.003 -0.002 0.003 -0.006
0.010 0.020 0.012 -0.001 -0.011 -0.007 -0.005
0.005 0.005 0.017 0.011 0.005 -0.006 -0.007
0.004 0.013 0.011 0.002 -0.006 0.005 -0.007
0.016 0.016 0.003 0.010 -0.001 0.008 0.003
0.002 0.014 0.003 0.007 -0.003 0.000 -0.005
0.005 0.024 0.001 -0.010 -0.011 -0.002 0.006
-0.005 0.013 0.017 -0.001 -0.011 -0.015 -0.012
-0.007 -0.006 -0.002 0.012 0.001 -0.005 0.013
0.004 0.031 -0.014 0.013 0.000 -0.001 -0.002
-0.014 0.026 0.008 0.009 -0.003 -0.004 0.004
-0.002 0.020 0.001 0.022 0.011 -0.008 0.007
0.011 -0.003 0.008 0.007 0.005 -0.004 -0.001
0.013 0.023 0.016 0.007 -0.002 -0.001 0.010
0.003 -0.003 0.003 0.001 -0.008 -0.011 -0.020
-0.001 -0.007 -0.009 0.005 -0.002 0.003 0.017
0.009 0.011 0.015 -0.012 0.008 0.003 0.001
-0.007 0.002 0.022 0.013 0.007 -0.001 -0.004
0.000 0.018 0.027 -0.013 0.008 0.000 -0.001
0.004 -0.006 0.015 -0.021 0.001 0.008 -0.009
-0.009 -0.009 -0.008 -0.009 -0.004 -0.006 -0.016
0.009 0.000 -0.003 0.016 -0.003 -0.006 -0.019
0.000 -0.029 0.005 -0.005 0.009 -0.017 0.004
-0.006 -0.035 -0.005 0.000 -0.002 0.002 0.003
0.003 -0.016 0.018 0.009 0.003 -0.004 0.000
0.007 -0.031 -0.007 0.004 -0.004 -0.005 0.000
-0.014 -0.044 0.005 0.018 -0.001 -0.024 0.010
0.003 0.007 -0.010 0.003 0.004 0.015 -0.009
0.000 0.001 -0.007 0.010 0.011 0.018 0.006
0.002 -0.011 -0.013 0.005 -0.007 0.009 0.002
0.009 -0.006 -0.025 -0.003 -0.005 0.000 0.005
0.008 -0.002 -0.005 -0.029 0.006 0.010 -0.012















































PC22 PC23 PC24 PC25 PC26 PC27 PC28
0.015 -0.018 -0.001 -0.003 -0.004 -0.001 -0.021
0.003 0.001 -0.012 0.001 -0.014 0.004 -0.002
-0.004 -0.003 0.003 -0.004 -0.011 0.007 -0.004
-0.010 0.001 0.006 0.004 0.001 0.003 0.004
0.009 -0.023 0.015 -0.007 0.004 -0.011 0.005
0.001 -0.005 0.024 -0.016 0.008 0.010 0.009
-0.025 -0.015 0.000 0.019 -0.008 0.015 0.006
-0.003 -0.004 0.008 -0.005 -0.003 -0.005 0.007
0.009 -0.012 -0.016 0.009 0.001 0.002 0.003
-0.005 -0.020 0.000 -0.007 0.000 -0.009 -0.012
0.008 0.002 0.009 -0.003 0.010 -0.006 -0.013
-0.012 -0.002 0.021 -0.012 -0.004 0.004 -0.001
-0.001 0.012 -0.011 0.006 -0.009 -0.011 -0.003
-0.030 -0.008 0.006 0.005 -0.005 -0.006 0.001
-0.023 -0.005 0.022 0.013 -0.007 -0.001 0.008
0.004 -0.017 -0.014 0.021 0.006 0.013 0.011
-0.016 -0.020 0.015 0.007 -0.002 -0.011 -0.008
-0.013 -0.010 0.013 0.011 0.001 0.000 -0.017
0.000 0.011 -0.010 -0.014 -0.007 0.000 -0.002
-0.010 -0.004 0.000 0.010 -0.008 -0.016 -0.007
-0.002 0.004 -0.014 0.014 0.005 -0.005 -0.012
-0.004 0.002 0.012 0.003 -0.010 -0.006 0.001
0.011 0.004 -0.008 0.000 0.003 0.001 0.004
0.012 0.004 -0.006 -0.008 0.000 0.004 -0.002
-0.002 -0.007 0.010 -0.017 0.001 0.011 0.014
-0.005 -0.006 0.004 0.002 0.001 -0.008 0.006
0.000 -0.002 0.006 -0.007 -0.010 -0.009 0.021
-0.011 -0.006 0.009 -0.013 0.000 -0.002 0.008
0.015 0.017 -0.005 -0.018 0.000 -0.001 0.004
0.019 0.012 0.023 0.017 0.000 -0.001 -0.019
0.003 0.004 0.024 0.009 -0.008 -0.005 0.003
0.007 0.012 0.015 -0.002 -0.002 -0.003 -0.006
-0.009 -0.004 0.003 -0.010 -0.004 -0.004 -0.014
-0.005 -0.010 0.015 0.001 0.001 0.009 0.001
-0.002 0.011 -0.002 0.003 0.001 -0.009 0.003
-0.006 -0.001 0.012 0.006 -0.004 -0.005 0.002
0.011 -0.009 0.004 -0.001 0.018 0.006 -0.009
-0.002 -0.017 0.006 0.000 -0.003 0.017 0.013
0.003 -0.005 -0.008 0.006 0.010 -0.007 -0.015
-0.015 -0.019 0.000 -0.010 0.007 -0.001 -0.016
-0.008 -0.004 0.000 -0.010 0.008 0.002 -0.006
-0.003 -0.006 -0.005 -0.009 -0.011 -0.022 0.007
0.003 0.005 -0.019 0.003 -0.009 0.002 -0.005















































PC22 PC23 PC24 PC25 PC26 PC27 PC28
0.016 0.003 0.030 0.002 -0.004 0.014 0.002
-0.009 -0.009 -0.007 0.002 0.002 0.002 -0.002
0.006 -0.008 -0.016 -0.012 -0.003 0.005 0.006
0.011 -0.003 -0.022 0.000 0.011 -0.001 0.000
0.012 -0.013 0.009 0.000 0.022 -0.006 0.006
0.021 -0.001 -0.032 0.012 0.011 -0.011 0.008
-0.004 -0.020 -0.024 0.010 0.017 -0.014 0.000
0.000 0.011 0.008 0.015 0.013 -0.025 -0.002
0.018 0.013 0.001 -0.002 0.008 -0.013 -0.006
0.015 0.025 -0.018 -0.003 0.011 -0.007 -0.001
0.003 -0.010 -0.004 0.015 0.013 -0.007 0.004
-0.007 -0.006 -0.015 0.006 0.017 -0.002 0.006
0.011 0.017 0.003 -0.007 0.018 0.009 -0.011
-0.006 -0.006 0.000 0.009 0.017 -0.005 0.005
-0.005 -0.008 -0.019 -0.001 0.014 0.009 0.006
-0.026 -0.005 -0.005 -0.007 0.006 0.003 0.010
0.003 0.015 0.007 -0.012 0.009 -0.004 -0.017
0.011 0.015 -0.028 0.001 0.016 0.010 -0.004
0.003 0.015 -0.011 -0.024 0.007 0.007 0.007
0.015 0.014 -0.018 -0.011 0.017 0.011 0.008
0.004 0.015 -0.006 -0.006 0.012 0.011 0.009
-0.004 0.006 0.007 -0.002 0.007 0.003 0.012
0.000 0.018 -0.006 -0.013 0.008 0.003 0.002
-0.001 0.001 -0.001 -0.021 0.002 0.000 -0.004
-0.009 0.015 0.002 -0.017 0.011 0.006 -0.001
-0.002 0.020 0.002 -0.011 0.007 -0.001 -0.008
-0.034 0.001 0.007 0.008 0.005 -0.006 0.014
-0.011 0.012 -0.022 0.004 -0.011 0.007 0.017
-0.022 0.013 -0.013 0.003 -0.007 -0.004 -0.005
-0.019 0.000 0.007 -0.003 0.003 -0.005 -0.002
-0.002 -0.008 -0.015 0.008 -0.011 -0.001 -0.003
-0.002 0.015 -0.018 -0.021 -0.003 0.006 -0.006
0.005 0.009 -0.005 0.001 -0.012 0.003 0.011
0.012 0.001 -0.010 0.002 0.005 0.003 -0.004
0.015 0.005 -0.010 0.000 -0.006 0.005 -0.007
0.008 -0.023 0.008 -0.011 0.010 0.005 -0.003
-0.004 -0.025 -0.010 -0.003 -0.002 0.009 0.008
-0.005 -0.022 -0.006 -0.009 -0.012 0.006 0.006
0.014 -0.012 -0.004 -0.009 -0.016 0.009 -0.006
0.008 -0.006 -0.015 -0.001 0.002 -0.002 0.007
0.007 -0.002 -0.008 -0.003 -0.011 0.008 0.005
-0.011 -0.014 0.012 -0.015 -0.014 0.000 -0.001
0.009 -0.005 -0.013 -0.007 0.001 0.009 0.001















































PC22 PC23 PC24 PC25 PC26 PC27 PC28
-0.013 0.018 -0.013 0.014 0.002 -0.006 0.015
-0.016 0.031 -0.003 0.003 -0.019 0.007 0.007
-0.005 0.016 0.018 0.004 0.006 -0.013 -0.006
-0.004 0.022 0.003 0.005 -0.002 0.005 0.014
-0.031 0.033 0.023 -0.002 0.006 0.024 0.034
-0.016 -0.010 -0.017 -0.004 -0.005 -0.001 0.007
-0.013 0.019 -0.002 0.012 0.003 0.017 0.010
-0.009 -0.003 -0.006 -0.015 0.009 -0.017 0.009
-0.005 0.012 -0.012 -0.015 0.000 0.000 0.000
-0.008 0.000 0.001 0.007 0.003 0.000 0.011
-0.003 0.009 -0.004 0.004 0.007 0.005 0.009
-0.042 0.001 -0.013 -0.009 0.018 0.018 -0.003
-0.025 -0.009 0.021 0.003 -0.003 -0.010 0.001
-0.001 -0.003 -0.002 -0.003 0.018 0.005 -0.002
-0.021 -0.010 0.014 0.010 0.004 0.018 -0.005
-0.013 -0.006 0.002 0.005 0.008 -0.012 -0.027
-0.017 -0.013 0.021 0.004 0.022 -0.006 -0.003
0.018 -0.005 0.001 -0.011 -0.010 -0.002 0.003
0.019 -0.003 -0.005 0.004 -0.016 -0.027 -0.005
0.018 0.008 -0.012 0.009 0.000 0.018 -0.001
0.025 0.001 -0.004 0.025 0.015 0.013 0.009
-0.001 -0.006 -0.027 -0.024 -0.009 -0.009 -0.003
-0.009 0.009 0.003 -0.003 -0.016 -0.017 0.009
0.000 0.000 0.001 0.009 0.002 0.004 -0.004
0.004 -0.001 -0.015 -0.008 0.007 0.000 -0.001
-0.007 -0.002 -0.016 -0.010 -0.025 -0.017 -0.012
-0.010 -0.011 0.011 -0.008 -0.001 0.009 -0.006
-0.005 0.001 0.009 -0.009 0.002 0.007 -0.020
0.004 0.006 0.014 -0.017 -0.002 0.026 -0.001
0.004 -0.002 0.032 -0.006 0.006 0.001 0.007
-0.006 -0.003 0.020 0.021 0.001 0.006 0.018
-0.007 -0.024 0.023 0.018 0.025 -0.025 -0.009
0.017 0.005 -0.008 0.021 0.007 -0.004 0.009
-0.004 0.018 -0.005 -0.007 0.009 0.016 -0.013
0.002 0.004 0.000 0.023 -0.007 0.004 0.007
0.005 -0.023 -0.013 -0.002 0.008 0.002 0.018
0.001 0.000 0.001 -0.024 0.018 -0.007 0.023
-0.011 -0.009 0.008 -0.019 0.016 -0.007 0.001
-0.014 -0.003 0.009 -0.020 0.008 0.027 0.003
0.003 0.018 -0.009 0.014 0.002 0.029 -0.008
0.027 -0.011 -0.005 0.004 0.006 -0.008 0.019
-0.008 -0.012 0.004 0.002 0.008 -0.026 0.001
0.017 0.017 -0.006 0.019 0.006 0.012 -0.006






































PC22 PC23 PC24 PC25 PC26 PC27 PC28
-0.013 0.020 0.017 -0.016 0.016 -0.013 0.006
0.015 0.020 -0.025 0.008 0.012 0.019 -0.026
-0.012 -0.003 0.008 0.013 -0.020 0.035 0.006
-0.006 -0.002 0.003 -0.026 -0.002 0.002 -0.023
-0.009 -0.005 0.001 -0.017 0.021 0.003 -0.019
-0.031 -0.013 -0.013 -0.017 0.012 -0.020 -0.016
-0.010 0.018 0.003 -0.007 -0.005 0.005 -0.007
0.000 0.001 -0.002 0.001 -0.020 0.004 0.006
-0.031 0.014 -0.004 -0.014 -0.017 0.021 -0.011
0.009 -0.018 0.004 -0.001 -0.011 -0.016 -0.017
0.003 -0.025 0.022 0.003 -0.033 0.013 -0.013
0.009 0.009 0.003 0.025 0.001 -0.020 -0.006
0.014 -0.003 -0.007 0.001 0.011 -0.019 -0.006
0.005 0.007 -0.006 -0.001 0.017 -0.005 -0.002
0.018 0.012 -0.004 -0.005 0.015 -0.014 0.005
0.002 0.007 0.006 -0.005 -0.043 0.015 0.005
0.014 0.027 -0.015 0.007 0.008 -0.008 0.009
0.021 0.021 0.000 -0.008 0.009 -0.014 0.010
-0.001 0.000 -0.015 0.025 0.017 -0.015 0.003
0.022 -0.004 -0.004 0.003 0.012 -0.007 0.010
0.008 -0.021 0.008 0.008 -0.046 0.007 0.010
-0.002 0.004 -0.007 0.008 0.016 -0.006 0.008
0.032 0.003 0.001 -0.005 -0.044 0.000 0.014
0.038 -0.013 0.018 0.017 -0.078 -0.009 0.022
0.012 -0.003 -0.001 0.044 -0.030 0.007 -0.007
-0.016 -0.009 0.004 -0.002 0.016 0.006 0.002
-0.020 -0.010 -0.002 -0.009 -0.004 0.016 0.004
-0.017 -0.007 -0.002 -0.011 0.011 0.000 -0.016
-0.011 -0.011 -0.011 -0.011 0.000 0.015 0.011
-0.004 -0.003 -0.007 -0.015 -0.001 -0.003 0.000
0.004 -0.010 -0.008 -0.001 0.004 -0.004 -0.014
0.047 -0.011 0.010 -0.006 0.009 -0.006 0.025
0.018 0.025 0.023 0.011 0.006 -0.015 0.004
0.010 0.005 0.018 -0.026 0.003 0.002 -0.010















































PC29 PC30 PC31 PC32 PC33 PC34 PC35
0.001 0.004 0.000 0.004 -0.011 0.009 -0.001
0.020 0.015 -0.010 -0.017 -0.003 -0.003 -0.013
0.003 0.004 -0.007 0.010 -0.021 -0.001 -0.004
0.000 0.004 0.025 0.005 -0.001 -0.002 -0.007
-0.006 0.004 0.013 0.009 -0.004 -0.008 -0.002
0.013 -0.025 -0.020 -0.024 -0.013 -0.013 0.000
-0.010 -0.002 0.004 0.001 -0.005 0.006 0.002
-0.014 0.004 0.015 -0.002 0.004 0.007 0.002
-0.012 -0.012 0.011 0.026 0.002 0.009 0.006
-0.004 0.006 0.029 -0.019 0.004 -0.018 -0.014
-0.006 0.006 0.018 -0.010 0.002 -0.001 -0.010
-0.016 -0.011 -0.001 0.007 -0.005 0.007 0.007
-0.002 0.017 0.002 0.005 0.020 -0.004 0.002
-0.008 0.009 -0.004 0.001 0.021 -0.012 0.001
0.018 0.019 0.000 0.011 0.022 -0.011 -0.004
0.008 0.034 -0.005 0.007 0.019 -0.027 -0.004
0.007 0.007 -0.009 -0.004 0.000 0.008 -0.003
-0.010 0.006 -0.007 0.004 0.005 0.005 -0.002
0.012 -0.003 -0.007 0.015 -0.012 -0.001 0.004
0.003 -0.013 -0.014 0.016 -0.008 0.000 -0.003
-0.012 -0.003 -0.017 0.002 -0.004 -0.005 0.007
0.023 -0.006 0.004 -0.014 0.000 -0.014 0.001
0.003 -0.002 -0.015 -0.007 -0.003 0.000 -0.004
0.015 -0.003 -0.005 -0.004 0.001 0.003 -0.002
0.007 0.003 -0.012 -0.008 -0.007 0.001 -0.004
0.002 -0.003 -0.012 0.009 -0.002 0.007 0.009
0.005 -0.009 -0.007 -0.026 -0.002 -0.009 -0.006
0.004 -0.007 -0.011 0.010 -0.006 0.004 0.005
-0.001 -0.011 -0.014 0.003 0.011 0.005 0.001
0.008 -0.001 -0.007 -0.001 -0.005 0.009 -0.001
-0.001 -0.002 -0.004 0.003 0.007 0.007 0.003
0.004 -0.003 -0.010 0.002 0.001 -0.003 0.004
0.016 0.004 0.001 0.003 -0.010 0.000 0.001
0.002 0.003 -0.006 0.003 0.009 -0.001 0.001
0.004 -0.012 -0.011 0.004 -0.009 0.007 -0.004
0.004 0.002 -0.010 0.010 -0.005 0.004 -0.001
0.005 0.006 -0.005 0.015 -0.005 0.000 0.006
0.019 0.002 -0.011 -0.011 -0.005 0.004 -0.006
0.006 -0.003 -0.017 0.006 0.005 0.006 0.001
0.001 -0.003 -0.010 0.005 -0.011 -0.012 0.008
-0.009 0.001 0.003 -0.011 0.004 -0.001 0.003
-0.003 0.007 0.001 -0.012 -0.002 -0.010 0.004
-0.014 0.016 0.000 -0.011 0.003 0.015 0.010















































PC29 PC30 PC31 PC32 PC33 PC34 PC35
-0.021 0.006 -0.011 -0.004 0.004 -0.004 0.005
-0.002 0.004 -0.014 0.002 0.002 0.006 0.004
-0.016 0.000 -0.013 -0.015 -0.007 -0.003 -0.005
-0.005 0.006 0.005 -0.008 0.005 0.008 0.000
0.000 -0.007 -0.012 -0.002 0.003 0.001 -0.006
-0.001 0.002 0.005 -0.002 0.007 0.001 -0.006
-0.002 0.015 0.001 -0.004 0.000 0.001 -0.017
-0.005 0.004 0.009 0.000 0.004 -0.009 -0.007
0.004 0.008 -0.006 0.012 -0.009 -0.020 0.010
0.015 -0.011 -0.018 0.007 -0.002 -0.008 0.000
0.012 0.004 -0.013 0.015 -0.005 -0.013 0.012
-0.003 -0.011 -0.017 0.013 -0.006 -0.002 -0.002
0.004 -0.002 -0.010 0.004 0.018 0.000 0.000
0.014 0.011 0.008 0.007 0.005 0.006 -0.002
0.010 -0.004 0.004 -0.001 0.001 0.010 0.012
0.016 0.002 0.006 0.011 0.000 -0.009 0.009
0.018 0.017 0.004 -0.004 0.005 -0.003 0.004
0.013 -0.020 0.010 -0.010 -0.008 0.002 0.005
-0.005 -0.017 0.011 0.004 0.002 0.001 0.011
-0.004 0.016 0.002 0.001 0.003 0.001 0.000
0.000 0.007 0.007 0.004 -0.009 -0.013 0.013
0.002 0.009 0.009 0.001 -0.002 -0.004 0.001
0.009 0.015 0.018 -0.002 0.013 0.004 0.004
-0.003 0.010 0.013 -0.010 0.002 -0.003 0.002
0.004 0.005 0.001 0.000 0.003 0.005 0.014
0.011 0.017 -0.007 0.001 -0.001 -0.013 0.010
0.005 0.008 0.012 -0.009 0.002 -0.011 0.008
0.001 0.016 0.015 0.000 -0.009 -0.020 0.001
0.005 -0.003 0.002 -0.004 0.000 -0.014 0.004
-0.007 0.003 0.006 0.005 -0.001 -0.004 -0.005
-0.008 -0.008 0.001 0.000 -0.005 0.001 0.005
-0.004 -0.008 0.026 0.024 -0.006 0.008 -0.087
-0.004 0.006 0.014 -0.007 0.003 -0.021 -0.002
0.002 0.006 0.010 -0.008 -0.002 -0.020 0.002
0.003 -0.011 0.001 -0.005 0.006 -0.013 0.006
0.003 0.003 -0.005 -0.001 -0.007 -0.012 0.005
-0.016 0.017 -0.004 -0.014 0.014 0.016 0.003
-0.018 -0.009 0.010 -0.003 0.004 -0.003 0.009
-0.012 -0.021 0.008 -0.001 0.006 0.000 0.003
-0.003 0.000 -0.001 0.007 0.000 0.000 -0.002
-0.010 -0.006 0.003 -0.005 -0.001 0.011 0.003
0.018 0.001 0.006 -0.005 -0.001 0.003 0.000
0.018 0.004 0.004 -0.001 0.001 0.011 0.004















































PC29 PC30 PC31 PC32 PC33 PC34 PC35
-0.012 -0.007 0.006 0.000 0.003 -0.014 -0.008
-0.014 -0.021 0.017 -0.005 0.010 -0.006 -0.005
-0.016 -0.007 0.004 -0.004 0.002 -0.007 -0.010
0.010 -0.001 0.005 0.006 0.005 -0.008 0.004
-0.010 0.010 0.005 -0.004 0.005 0.001 0.000
-0.012 0.010 0.006 0.014 0.008 0.000 0.001
0.010 -0.002 0.003 0.007 -0.002 0.002 0.001
0.000 0.018 0.011 0.005 0.007 0.013 -0.001
-0.001 0.008 0.002 -0.002 -0.011 -0.002 0.002
-0.017 -0.010 0.010 -0.011 -0.010 -0.004 -0.006
0.006 -0.007 0.011 -0.012 0.006 0.020 -0.004
0.004 -0.001 -0.009 -0.004 -0.003 0.013 -0.004
-0.001 -0.010 0.005 0.014 0.003 0.005 0.008
-0.018 -0.003 -0.008 0.012 0.000 -0.001 0.006
-0.008 -0.008 -0.005 0.009 0.004 0.003 0.001
0.009 -0.013 0.010 -0.005 0.001 -0.013 -0.008
-0.004 -0.009 -0.001 -0.004 0.007 0.008 0.003
-0.009 0.007 0.002 0.013 0.012 0.004 0.004
-0.021 -0.007 0.013 -0.015 0.011 -0.005 0.003
0.002 0.012 -0.003 0.009 0.013 0.000 0.000
-0.006 0.003 -0.006 0.012 0.000 0.000 0.004
-0.002 -0.010 -0.004 -0.011 0.002 0.007 0.001
0.001 0.004 -0.002 -0.007 -0.007 0.000 0.002
-0.009 -0.005 -0.004 -0.006 -0.011 -0.011 0.008
-0.005 -0.008 0.000 -0.016 -0.006 0.002 -0.003
-0.014 -0.008 0.000 -0.001 0.015 0.007 0.003
-0.002 0.000 0.006 0.004 0.001 -0.007 0.010
-0.004 0.001 -0.002 -0.001 -0.011 0.005 0.003
-0.009 -0.019 0.002 0.000 0.012 -0.003 0.002
-0.003 -0.007 0.009 -0.004 0.000 -0.001 0.011
0.001 -0.002 -0.012 -0.007 -0.006 0.008 0.002
-0.005 0.000 -0.003 -0.013 -0.004 0.002 0.002
-0.042 -0.002 0.001 -0.016 -0.005 -0.005 -0.002
-0.014 -0.017 -0.005 0.013 -0.003 -0.003 0.005
-0.006 0.000 0.001 0.012 -0.005 0.003 -0.014
-0.009 0.006 0.000 0.020 -0.010 0.000 0.000
-0.016 -0.007 0.001 0.002 -0.012 0.000 0.002
-0.004 -0.005 0.005 0.016 -0.007 0.006 0.002
0.001 -0.014 0.009 -0.004 -0.007 0.001 -0.007
-0.005 0.006 0.016 0.001 0.006 0.007 0.004
-0.016 -0.013 0.007 -0.006 -0.007 0.004 -0.003
-0.018 0.003 0.000 -0.010 -0.017 0.014 -0.004
0.008 0.003 -0.009 -0.014 0.007 -0.006 -0.009















































PC29 PC30 PC31 PC32 PC33 PC34 PC35
0.003 0.004 -0.019 0.000 0.006 -0.002 -0.008
-0.005 0.003 -0.009 -0.001 0.006 -0.008 -0.015
0.008 -0.001 -0.010 -0.004 0.010 0.008 -0.003
-0.003 -0.002 0.001 -0.008 -0.010 0.004 -0.001
0.001 -0.001 -0.005 -0.003 0.004 -0.001 0.006
-0.003 -0.003 -0.004 0.000 0.004 0.010 -0.011
-0.011 -0.006 0.015 -0.008 -0.004 -0.003 -0.003
-0.001 -0.012 -0.003 0.003 0.000 0.010 0.006
0.005 -0.015 0.006 0.005 -0.006 -0.003 0.014
-0.015 0.009 0.004 0.009 0.001 -0.002 0.001
0.000 -0.004 0.007 -0.004 0.004 -0.005 0.002
-0.006 0.008 0.007 0.012 -0.002 -0.008 0.001
-0.017 -0.008 0.001 -0.007 0.002 -0.003 0.006
-0.005 0.007 0.015 -0.005 -0.008 -0.002 0.007
-0.017 0.011 0.000 0.015 0.000 0.001 -0.010
0.001 0.000 0.004 -0.004 0.004 -0.005 0.003
0.002 -0.001 0.012 -0.013 0.008 0.016 0.006
-0.012 0.021 0.007 -0.002 -0.026 -0.004 -0.012
0.014 -0.011 0.014 0.018 0.005 0.013 0.008
-0.004 0.000 0.004 0.015 -0.006 -0.008 0.006
0.002 -0.002 0.001 0.008 0.001 0.009 0.002
-0.004 -0.004 0.004 0.003 0.004 -0.002 0.002
0.001 0.001 0.011 0.007 -0.011 0.004 0.010
0.000 -0.007 0.012 -0.002 -0.002 0.005 -0.009
0.016 0.004 0.003 -0.002 0.002 0.003 0.000
-0.009 0.008 0.008 0.017 -0.002 0.010 0.005
-0.009 -0.002 0.007 0.004 -0.003 -0.008 0.006
-0.002 -0.002 0.002 0.001 -0.001 0.010 -0.001
0.003 0.003 -0.005 -0.006 -0.009 0.004 0.003
0.005 0.002 0.004 -0.001 -0.010 -0.001 0.002
-0.004 0.008 0.006 -0.010 -0.004 0.013 -0.001
-0.012 0.000 0.012 0.000 -0.004 -0.004 -0.004
-0.005 0.001 0.002 -0.003 -0.010 0.012 0.004
-0.017 0.001 -0.012 -0.015 -0.020 0.003 -0.012
-0.008 0.003 -0.006 0.001 -0.003 0.012 -0.017
-0.005 -0.008 0.014 -0.015 -0.023 -0.001 -0.003
0.004 0.013 0.010 -0.007 0.000 0.007 0.000
-0.003 0.003 0.017 -0.001 -0.001 -0.006 0.004
0.006 -0.003 0.003 -0.004 -0.007 -0.014 0.009
-0.003 0.008 -0.013 0.007 0.010 0.000 -0.010
-0.019 0.012 -0.006 -0.008 -0.008 -0.004 -0.008
0.021 0.003 0.021 -0.003 0.011 -0.005 0.010
-0.009 0.014 -0.014 0.008 0.015 -0.003 -0.005















































PC29 PC30 PC31 PC32 PC33 PC34 PC35
0.009 -0.007 -0.001 0.009 0.010 -0.002 0.001
-0.007 0.001 -0.007 0.004 0.007 -0.004 -0.006
-0.005 -0.013 0.002 -0.006 0.007 -0.008 0.004
0.005 -0.011 -0.011 0.005 -0.002 -0.011 0.002
-0.003 0.004 -0.014 0.007 0.008 -0.007 -0.002
-0.002 0.001 -0.011 -0.004 -0.005 0.001 0.001
0.017 0.002 -0.008 -0.006 0.000 0.003 0.007
-0.017 0.008 -0.006 0.018 -0.010 0.016 0.009
-0.003 0.008 -0.005 0.020 0.015 0.010 0.001
-0.010 0.011 0.000 0.029 0.002 0.003 0.001
-0.007 0.018 -0.009 0.012 0.002 0.000 -0.009
0.010 -0.008 0.007 -0.009 0.012 0.003 0.000
0.002 -0.004 -0.001 0.003 0.012 0.001 -0.001
0.005 -0.009 0.010 0.005 0.001 0.010 0.001
0.009 -0.011 0.018 0.017 -0.002 0.003 0.005
-0.015 -0.016 0.006 -0.002 0.008 0.000 -0.004
0.009 -0.009 -0.002 -0.001 -0.002 0.001 -0.004
0.015 -0.018 0.001 -0.002 -0.004 0.004 -0.001
-0.001 -0.015 0.018 -0.005 0.013 0.019 0.001
-0.009 -0.005 -0.005 -0.006 0.002 0.003 0.006
0.002 0.017 0.004 -0.005 -0.001 -0.005 0.001
0.004 -0.013 -0.018 0.010 -0.010 0.010 -0.004
-0.007 0.010 0.006 -0.013 0.000 -0.001 -0.001
-0.007 0.004 0.005 -0.007 0.003 0.004 -0.001
0.002 -0.001 -0.008 0.005 0.011 -0.001 -0.010
-0.012 0.013 -0.010 0.006 0.022 0.017 -0.003
-0.001 0.005 -0.006 -0.002 0.014 -0.001 -0.009
-0.005 0.008 -0.014 -0.012 0.005 0.010 -0.006
-0.003 -0.004 -0.013 0.000 0.005 -0.008 0.003
-0.021 -0.003 -0.001 -0.005 -0.010 0.006 0.011
0.000 0.002 0.003 -0.010 -0.009 0.009 0.006
0.001 0.017 0.002 0.002 -0.010 -0.008 -0.007
-0.005 0.007 -0.009 0.013 0.008 -0.001 0.003
-0.002 -0.020 0.003 0.004 -0.001 0.014 0.005
-0.006 -0.004 -0.010 -0.001 0.010 -0.003 0.002
-0.002 0.002 0.007 0.012 -0.002 -0.001 0.004
0.000 0.002 0.005 0.007 -0.001 0.005 0.008
0.009 0.011 -0.002 0.001 -0.006 0.008 0.007
0.011 -0.001 0.000 0.000 0.005 0.006 -0.008
0.001 0.009 -0.010 -0.004 -0.003 -0.008 0.009
-0.001 0.004 -0.001 -0.012 0.004 0.001 -0.002
0.000 0.002 0.001 0.003 0.000 0.006 0.004
0.001 0.000 0.000 0.006 0.010 0.013 0.014















































PC29 PC30 PC31 PC32 PC33 PC34 PC35
0.004 0.009 0.004 -0.005 -0.013 -0.005 0.001
-0.005 -0.014 -0.012 -0.010 0.002 0.017 -0.012
0.005 0.018 0.014 -0.011 -0.001 -0.004 -0.002
0.005 0.009 0.010 0.002 -0.014 0.005 0.003
-0.024 0.012 -0.010 -0.016 -0.013 -0.015 -0.010
-0.005 0.004 -0.004 0.006 -0.006 -0.013 0.005
0.003 -0.010 0.000 0.006 -0.008 -0.003 -0.004
0.002 -0.001 0.013 -0.007 -0.006 0.003 0.008
-0.005 0.003 -0.006 0.009 -0.016 -0.009 0.004
0.003 -0.005 -0.008 -0.005 -0.003 0.003 -0.004
-0.008 0.000 -0.001 -0.012 0.011 0.000 0.003
0.014 0.008 -0.005 -0.020 0.004 -0.007 -0.009
-0.006 0.004 -0.002 0.004 0.011 0.003 0.011
0.002 0.002 -0.014 -0.002 -0.004 -0.006 0.009
-0.002 0.000 -0.004 -0.008 -0.014 -0.009 0.006
0.001 -0.010 0.010 -0.004 -0.009 -0.005 0.013
-0.008 0.005 0.004 0.009 0.000 0.009 0.005
0.008 -0.010 0.002 0.000 -0.010 -0.002 -0.001
0.004 -0.001 -0.010 0.006 -0.001 -0.006 -0.001
0.003 -0.014 0.006 -0.010 -0.008 0.006 0.001
0.007 0.007 -0.001 -0.011 -0.002 0.008 -0.005
-0.002 -0.006 -0.002 -0.006 -0.008 0.004 -0.007
0.006 0.002 0.009 -0.002 0.013 0.014 -0.008
0.007 -0.002 0.004 -0.009 -0.008 0.001 -0.002
-0.002 -0.006 0.006 0.002 -0.002 -0.001 -0.003
0.001 0.000 -0.011 -0.007 0.009 -0.003 0.002
-0.004 -0.012 -0.010 0.018 0.002 0.005 0.001
-0.007 -0.002 -0.003 0.010 0.003 0.001 -0.007
-0.007 -0.018 0.002 0.008 0.002 0.002 0.012
0.005 -0.005 -0.001 0.006 0.013 0.005 -0.010
0.001 -0.010 0.002 0.006 0.024 0.009 -0.002
0.010 0.000 -0.012 0.010 -0.006 -0.005 0.006
-0.013 0.001 -0.009 0.007 -0.003 0.000 0.005
-0.002 0.001 -0.005 0.000 0.005 0.002 0.008
0.011 -0.004 -0.014 -0.003 -0.006 -0.001 0.000
-0.002 -0.006 -0.006 0.007 0.002 0.001 -0.008
-0.008 -0.014 -0.001 -0.006 -0.007 -0.004 0.001
-0.012 -0.007 -0.002 -0.006 -0.002 -0.025 0.003
0.017 -0.004 0.004 0.008 0.005 -0.012 0.009
0.008 0.002 -0.006 0.000 -0.001 -0.006 0.007
-0.002 0.023 0.012 0.007 0.005 -0.005 0.009
0.000 -0.002 -0.004 0.006 -0.009 -0.007 0.005
-0.005 0.010 0.000 0.006 0.010 -0.004 0.000















































PC29 PC30 PC31 PC32 PC33 PC34 PC35
-0.001 -0.028 -0.008 0.003 -0.007 -0.004 0.004
0.003 -0.028 0.002 0.007 -0.001 -0.005 0.007
0.011 -0.007 0.002 0.008 0.009 -0.011 -0.001
0.001 0.002 0.003 -0.006 -0.002 0.004 0.000
-0.010 -0.006 0.007 -0.001 0.002 -0.001 0.000
0.010 0.005 -0.006 -0.009 0.013 -0.011 -0.004
0.003 0.005 -0.007 -0.005 0.000 -0.004 0.006
0.001 0.001 0.004 -0.008 -0.001 -0.003 -0.006
0.000 -0.003 0.010 -0.026 0.014 -0.001 0.004
-0.002 -0.002 -0.002 -0.016 0.009 -0.015 -0.003
0.000 0.005 0.001 -0.008 0.009 -0.004 -0.002
0.001 -0.004 0.002 0.000 0.007 -0.018 -0.006
-0.008 -0.002 0.011 0.000 -0.009 0.002 0.005
0.007 -0.007 0.000 -0.003 -0.001 -0.010 0.004
0.003 -0.014 0.013 -0.004 -0.005 0.008 0.006
0.008 0.007 -0.013 -0.009 -0.002 0.003 0.005
0.019 -0.007 -0.007 -0.004 0.004 0.001 -0.004
-0.003 -0.003 0.007 -0.010 0.004 -0.001 0.001
0.001 0.000 0.013 -0.004 0.000 -0.007 0.007
0.006 -0.007 -0.017 -0.003 0.014 -0.005 -0.008
0.013 0.016 0.007 -0.014 0.000 -0.008 -0.003
0.013 -0.001 -0.004 0.014 0.010 -0.001 -0.002
-0.012 0.015 0.003 -0.005 -0.007 0.006 -0.008
-0.008 0.004 -0.002 0.009 -0.015 -0.004 -0.001
0.010 -0.009 -0.004 0.004 0.000 0.000 0.000
0.024 -0.010 -0.005 0.003 0.007 -0.002 -0.001
0.002 -0.004 -0.006 -0.005 -0.003 -0.013 -0.007
-0.003 -0.012 -0.012 0.006 0.001 -0.001 -0.010
0.000 -0.007 0.011 0.006 -0.016 0.003 0.004
0.000 0.015 -0.008 0.001 -0.002 -0.007 -0.001
0.009 -0.003 -0.003 -0.003 0.008 0.008 -0.004
-0.003 -0.002 -0.006 0.007 0.001 0.001 -0.003
0.005 0.000 -0.003 0.004 0.009 -0.003 -0.003
0.005 -0.003 0.001 -0.002 0.010 0.004 0.009
0.004 0.005 0.006 0.007 0.001 0.001 0.004
-0.014 -0.003 -0.005 0.001 0.006 0.003 -0.006
-0.006 0.001 -0.002 0.011 -0.007 0.001 0.000
0.000 -0.006 0.000 0.003 0.009 0.003 -0.002
0.004 0.015 0.001 0.008 -0.004 0.001 0.003
-0.016 -0.008 0.008 0.014 0.011 0.009 0.011
0.000 -0.012 -0.008 -0.005 0.010 0.000 -0.002
0.020 -0.015 0.003 -0.007 -0.001 -0.006 -0.001
0.009 0.004 0.003 -0.009 0.013 -0.002 0.006















































PC29 PC30 PC31 PC32 PC33 PC34 PC35
0.003 0.006 0.006 -0.011 0.018 0.008 0.000
0.013 0.007 0.011 0.002 0.000 0.003 0.016
0.016 0.004 0.003 -0.010 -0.004 0.007 -0.002
0.000 0.001 -0.005 0.004 0.013 0.004 -0.005
0.002 0.009 0.004 0.002 -0.006 -0.010 -0.003
0.016 -0.002 0.004 0.002 0.000 0.001 -0.002
0.011 0.001 0.005 0.003 -0.011 0.009 0.007
0.001 0.007 0.009 0.005 -0.002 -0.009 0.003
0.012 0.003 -0.010 -0.002 0.003 0.001 0.001
0.019 -0.002 0.001 0.000 0.007 0.004 -0.001
-0.002 -0.001 0.008 0.008 0.005 -0.006 0.009
0.001 -0.001 -0.002 0.017 0.003 0.004 -0.003
0.000 0.002 0.003 0.015 0.008 0.001 -0.008
-0.019 0.004 -0.016 0.001 0.004 -0.005 -0.009
0.008 -0.006 -0.008 0.010 -0.002 0.004 0.007
-0.004 0.001 -0.018 -0.005 0.005 -0.006 -0.015
-0.004 0.004 0.000 0.001 -0.005 -0.004 0.005
-0.005 -0.002 -0.010 -0.002 -0.007 -0.003 0.008
-0.015 -0.004 -0.002 -0.001 -0.003 0.001 0.001
-0.004 -0.007 -0.001 -0.001 -0.004 -0.009 0.000
-0.008 -0.014 -0.003 0.003 -0.009 -0.014 -0.004
-0.003 -0.002 -0.008 0.004 0.000 -0.002 -0.005
-0.008 0.004 -0.006 0.010 0.000 -0.009 0.002
0.000 0.004 -0.007 -0.007 -0.009 -0.012 0.004
-0.006 -0.004 -0.007 -0.004 -0.001 -0.012 0.004
-0.014 -0.001 -0.005 0.004 -0.006 -0.003 0.002
0.002 -0.003 0.004 0.001 -0.010 0.005 0.002
0.008 -0.011 0.010 -0.002 -0.007 0.002 -0.009
0.002 -0.002 -0.001 0.000 0.002 0.014 -0.011
0.004 0.011 0.000 -0.002 -0.004 0.003 -0.005
0.003 0.001 -0.006 0.010 -0.007 -0.009 -0.001
0.006 0.011 -0.005 0.000 0.001 0.001 -0.007
0.006 0.005 -0.001 0.004 0.005 0.002 -0.008
-0.004 0.004 0.007 0.000 -0.008 0.000 0.003
0.004 0.008 0.009 -0.002 -0.012 0.005 0.000
0.002 0.005 -0.008 -0.004 -0.015 0.000 0.001
0.008 -0.005 0.000 -0.001 -0.001 0.011 -0.013
-0.001 -0.012 -0.001 -0.006 -0.003 0.001 -0.003
-0.003 -0.008 0.001 -0.004 -0.004 -0.006 -0.006
0.000 -0.011 -0.002 0.002 0.003 -0.004 -0.004
0.009 -0.001 0.002 0.004 0.003 0.005 -0.014
-0.003 0.008 -0.004 0.006 -0.002 0.002 -0.010
0.001 0.001 0.000 0.001 -0.001 0.001 -0.008















































PC29 PC30 PC31 PC32 PC33 PC34 PC35
-0.011 0.016 -0.008 -0.018 0.005 0.011 -0.011
0.003 0.017 -0.011 -0.009 0.000 -0.006 -0.009
0.008 0.012 0.003 -0.002 -0.004 0.011 -0.008
-0.002 -0.005 -0.013 -0.012 0.006 0.003 -0.009
-0.006 0.002 0.000 -0.010 -0.004 -0.008 -0.005
0.005 -0.003 -0.004 -0.009 0.005 -0.003 0.013
0.002 0.003 -0.012 0.017 0.001 -0.006 0.004
0.000 -0.001 -0.002 -0.010 0.014 0.007 0.004
-0.014 -0.003 0.010 0.017 0.014 0.000 -0.009
-0.002 -0.001 -0.010 -0.003 -0.010 0.006 -0.007
0.005 0.023 0.002 -0.005 0.011 -0.005 0.001
0.008 -0.001 -0.017 0.002 0.002 0.000 -0.008
0.006 0.018 -0.006 0.009 -0.011 0.003 0.003
0.013 0.011 0.011 0.005 -0.015 0.012 0.008
-0.002 0.009 -0.008 0.005 -0.026 -0.005 0.005
-0.002 -0.011 -0.007 0.016 -0.010 -0.013 -0.002
0.013 0.007 -0.013 -0.009 -0.004 0.007 0.012
0.001 0.017 -0.007 -0.018 -0.003 0.024 0.007
-0.010 -0.026 0.002 0.007 -0.002 0.002 -0.014
0.004 -0.011 0.006 -0.010 0.022 -0.007 0.003
0.007 0.010 -0.025 0.008 -0.008 0.010 0.002
-0.012 -0.009 0.010 -0.001 0.008 -0.006 0.000
-0.014 -0.014 0.006 0.006 0.005 -0.005 -0.018
-0.007 0.006 0.009 -0.005 0.004 -0.004 0.012
-0.001 -0.006 -0.004 -0.017 0.010 0.014 0.005
0.001 0.002 0.008 0.000 0.001 -0.006 -0.007
-0.007 -0.013 0.000 -0.007 0.016 0.015 0.017
0.004 -0.010 -0.003 -0.008 0.027 0.012 0.006
0.009 0.005 -0.014 -0.009 0.016 0.020 -0.001
0.011 0.005 -0.013 -0.013 -0.004 0.007 -0.009
0.014 -0.014 -0.006 0.004 0.010 -0.019 -0.002
0.000 0.016 0.000 0.011 -0.005 -0.002 -0.002
-0.011 -0.010 -0.020 0.010 -0.014 0.007 -0.006
0.001 -0.006 -0.022 -0.018 0.021 0.016 0.006
-0.011 -0.001 -0.014 -0.029 -0.019 -0.014 -0.001
0.018 -0.012 -0.007 -0.008 0.019 -0.001 -0.012
0.005 -0.015 0.004 0.016 0.012 0.003 0.001
0.013 0.007 -0.015 0.007 -0.001 0.007 -0.003
-0.014 0.024 -0.011 0.013 0.017 -0.014 0.010
-0.016 0.000 0.015 -0.005 0.010 0.000 0.008
0.004 -0.013 -0.009 0.001 0.025 -0.021 0.005
0.000 0.014 0.019 0.019 0.021 0.009 0.004
-0.015 0.008 0.020 -0.003 0.010 -0.017 -0.003






































PC29 PC30 PC31 PC32 PC33 PC34 PC35
-0.007 0.000 -0.004 0.000 -0.007 0.009 0.008
0.030 0.004 0.025 -0.005 -0.008 0.006 -0.011
-0.046 -0.003 0.003 0.003 0.003 -0.005 0.005
-0.008 0.007 0.002 -0.011 -0.004 -0.007 0.003
0.004 0.002 -0.011 -0.010 -0.004 0.000 0.004
-0.003 0.004 0.021 -0.005 -0.005 0.015 0.019
0.004 -0.003 0.000 0.007 -0.008 0.018 0.008
0.003 0.012 -0.005 -0.009 -0.009 0.002 0.010
0.011 -0.003 0.000 -0.005 -0.011 0.012 0.009
0.009 0.011 0.002 0.013 -0.014 -0.006 0.016
-0.023 0.008 -0.010 0.001 -0.006 0.002 0.008
0.012 -0.010 0.024 -0.001 0.003 0.000 0.002
-0.001 -0.005 -0.007 0.007 -0.007 -0.016 -0.006
0.019 -0.012 0.004 0.008 -0.011 -0.010 -0.016
-0.002 -0.026 0.004 -0.014 0.009 -0.013 -0.015
-0.008 -0.003 -0.004 -0.003 -0.024 0.019 0.011
0.000 0.003 0.000 0.005 -0.003 -0.019 -0.002
-0.001 0.001 0.012 0.008 0.001 -0.004 -0.003
0.002 0.016 0.011 -0.011 -0.012 -0.003 0.006
0.005 0.009 0.012 0.003 0.004 -0.014 -0.006
0.001 0.026 -0.002 0.001 -0.007 0.024 0.001
0.008 0.011 0.017 0.011 0.004 -0.001 -0.003
-0.014 0.009 -0.002 -0.001 -0.004 0.014 0.005
-0.013 -0.010 0.012 -0.003 0.001 0.008 0.000
-0.005 0.003 -0.004 -0.017 0.016 0.020 0.012
0.023 -0.021 0.008 -0.003 -0.006 0.000 0.001
0.025 -0.003 0.011 -0.005 -0.009 0.001 0.001
0.006 -0.004 -0.001 -0.003 -0.006 0.000 0.007
0.018 -0.004 0.016 0.008 -0.005 -0.011 0.002
0.017 -0.005 0.003 0.012 -0.004 -0.007 0.002
0.004 -0.006 0.004 0.001 -0.005 0.003 0.004
-0.003 0.027 0.013 -0.001 -0.009 0.019 -0.031
0.016 0.000 0.004 0.009 -0.022 0.005 -0.005
0.019 0.003 0.000 0.016 -0.020 0.014 -0.021















































PC36 PC37 PC38 PC39 PC40 PC41 PC42
-0.009 -0.004 -0.012 0.004 -0.002 0.012 0.008
-0.006 -0.010 0.012 -0.001 0.008 0.008 0.001
-0.017 -0.008 -0.006 0.009 0.003 -0.011 0.003
0.005 -0.002 -0.012 0.010 0.014 -0.001 -0.005
-0.005 -0.008 0.001 0.010 0.008 0.006 0.000
0.013 0.003 -0.004 -0.007 0.002 0.002 -0.007
0.006 0.003 0.002 0.000 0.014 0.001 -0.001
-0.001 0.003 0.003 0.020 -0.003 -0.001 0.003
0.001 0.016 -0.005 0.002 -0.011 0.006 -0.004
0.007 -0.014 0.003 -0.004 0.010 -0.003 0.016
0.003 0.002 0.006 0.007 0.002 0.004 -0.009
0.000 0.018 -0.006 -0.002 -0.010 0.013 0.002
-0.008 0.005 0.002 -0.006 -0.006 -0.005 -0.001
0.003 0.000 0.004 -0.018 -0.003 0.000 -0.001
-0.004 -0.005 0.010 -0.004 -0.006 0.010 0.005
-0.014 0.008 0.005 -0.004 -0.004 0.014 0.014
-0.003 0.003 -0.003 -0.004 -0.006 -0.001 0.004
0.002 -0.013 -0.001 -0.002 -0.007 -0.009 0.003
0.000 -0.008 0.001 0.009 0.002 0.000 0.006
-0.006 0.004 0.007 0.005 -0.007 0.001 0.004
0.001 -0.007 0.003 0.003 0.001 -0.007 -0.005
-0.012 0.003 -0.007 -0.003 0.001 -0.005 -0.004
0.003 0.006 -0.006 -0.005 -0.006 -0.003 0.004
0.007 0.000 -0.007 -0.001 0.003 -0.006 -0.005
0.004 -0.001 -0.011 0.012 0.001 0.000 0.003
0.006 -0.009 0.001 0.004 0.000 -0.002 0.003
-0.015 0.003 -0.016 0.010 0.007 0.003 -0.001
0.008 -0.008 -0.002 0.007 -0.001 -0.006 -0.002
-0.002 -0.005 -0.004 -0.002 -0.004 -0.001 0.007
0.005 -0.004 0.004 -0.005 -0.007 0.004 0.007
-0.004 -0.006 0.004 -0.002 -0.010 -0.004 0.002
0.009 -0.003 0.007 -0.002 0.003 0.003 0.003
0.002 -0.002 0.002 0.003 0.003 -0.004 0.002
0.009 -0.005 -0.016 0.004 0.007 0.001 0.000
0.006 0.000 0.000 0.011 -0.001 0.002 0.006
-0.002 0.007 0.009 -0.001 -0.001 0.002 0.009
0.014 -0.009 -0.001 0.001 -0.003 0.001 0.003
0.001 -0.007 0.007 0.002 -0.004 0.004 0.005
0.000 0.000 0.001 0.000 0.000 -0.001 -0.003
-0.001 0.000 0.003 0.001 0.000 -0.004 0.003
-0.003 0.008 0.002 -0.002 0.002 -0.004 0.000
-0.003 0.008 -0.002 0.004 0.000 -0.010 0.001
0.002 0.003 -0.012 -0.005 0.003 -0.006 -0.007















































PC36 PC37 PC38 PC39 PC40 PC41 PC42
0.001 0.002 -0.010 -0.008 0.002 -0.002 -0.006
-0.007 0.008 0.004 0.002 0.010 -0.007 -0.012
-0.006 0.005 -0.006 0.003 -0.012 -0.002 -0.002
-0.010 0.004 -0.006 0.000 0.004 0.003 0.003
0.002 0.000 -0.006 0.001 0.006 0.001 -0.007
-0.014 0.011 -0.007 0.000 0.005 -0.005 0.004
0.000 0.002 -0.010 0.002 -0.004 -0.003 0.004
-0.001 -0.002 -0.009 0.006 -0.003 -0.002 -0.007
0.012 0.010 0.001 -0.013 0.007 -0.008 0.011
-0.003 -0.003 -0.004 -0.003 -0.005 0.001 0.008
-0.001 0.003 -0.001 -0.004 0.007 0.003 0.008
-0.003 -0.012 -0.008 0.001 0.003 0.006 0.004
0.000 -0.012 0.003 -0.001 -0.001 -0.004 -0.002
0.003 0.002 -0.011 0.007 0.006 0.004 0.018
-0.002 0.001 0.005 0.003 0.004 0.004 0.000
-0.003 0.003 0.000 -0.003 0.005 -0.001 -0.005
0.011 0.002 -0.006 0.004 0.005 0.008 0.003
0.001 0.004 0.001 -0.008 -0.001 0.011 0.007
-0.013 -0.001 -0.003 -0.010 0.012 0.005 -0.001
-0.001 0.000 -0.008 0.011 -0.002 -0.002 0.004
0.005 -0.002 0.008 -0.002 -0.001 0.006 0.004
-0.002 -0.003 -0.003 0.002 -0.003 0.004 0.002
0.008 -0.004 0.000 0.006 -0.008 0.002 -0.016
0.014 -0.009 0.003 0.002 0.003 -0.005 -0.003
0.001 0.014 -0.004 0.004 0.016 0.004 0.012
0.002 0.001 -0.014 0.000 0.013 0.007 0.006
-0.001 0.001 -0.002 -0.002 -0.001 0.001 -0.007
0.009 0.005 0.004 0.003 -0.003 -0.004 0.003
0.001 0.003 0.002 0.006 -0.006 0.004 -0.006
0.005 -0.002 0.005 0.006 0.001 -0.007 -0.006
-0.002 -0.001 0.001 0.000 -0.006 0.002 0.004
0.029 0.023 -0.014 -0.024 0.014 -0.044 -0.007
-0.010 -0.001 0.017 -0.005 -0.004 0.001 0.005
-0.002 0.001 0.007 0.000 0.004 -0.008 -0.004
0.002 0.006 0.005 0.000 0.007 0.005 0.001
-0.003 0.008 0.007 0.002 0.000 -0.005 -0.006
-0.002 -0.007 0.012 -0.001 -0.002 -0.003 0.002
-0.003 0.000 0.006 0.005 0.001 0.002 -0.016
-0.011 0.003 0.003 0.002 0.001 -0.003 -0.006
-0.001 -0.002 0.004 -0.003 -0.004 -0.006 0.000
-0.001 0.001 0.001 -0.001 0.002 0.002 -0.005
0.005 0.014 0.001 -0.001 -0.001 0.001 -0.001
-0.001 -0.002 -0.001 0.008 0.000 0.007 -0.005















































PC36 PC37 PC38 PC39 PC40 PC41 PC42
0.003 0.003 -0.010 0.002 -0.009 0.007 -0.004
-0.004 -0.016 -0.004 0.008 -0.003 0.012 -0.004
-0.011 0.004 0.001 -0.001 -0.004 0.010 -0.004
-0.001 0.004 0.008 0.009 -0.011 0.007 -0.002
0.002 -0.002 -0.003 0.005 0.003 0.006 -0.009
0.004 0.013 0.011 -0.002 0.001 0.003 0.000
-0.014 0.004 0.002 0.004 -0.011 0.007 0.010
0.000 0.004 0.004 0.007 -0.003 0.008 -0.003
-0.003 0.000 -0.012 0.001 -0.004 0.004 0.005
0.008 0.020 -0.001 0.007 -0.002 0.004 0.005
0.011 -0.018 0.006 0.005 0.008 0.010 0.015
-0.010 0.007 0.003 0.016 -0.004 -0.011 0.002
-0.011 -0.003 -0.001 -0.008 0.002 -0.005 -0.003
-0.007 0.010 0.002 -0.005 0.006 0.007 -0.002
-0.005 -0.009 -0.008 0.013 -0.002 0.006 -0.005
-0.001 0.006 0.003 0.003 -0.004 -0.004 -0.001
-0.005 -0.002 -0.003 0.000 0.002 -0.001 0.003
-0.001 0.001 -0.019 -0.004 0.010 -0.003 0.009
-0.002 0.004 -0.007 -0.007 -0.001 -0.002 0.004
0.000 -0.003 0.000 -0.009 -0.003 0.005 -0.006
0.004 0.001 -0.006 0.001 0.009 0.005 -0.002
0.008 -0.003 -0.001 -0.001 0.000 0.002 0.000
0.002 -0.004 -0.002 -0.004 0.005 0.007 0.000
0.002 -0.004 0.004 -0.007 0.001 0.001 -0.006
-0.010 -0.002 0.000 0.002 0.000 -0.008 0.002
0.003 -0.015 0.005 -0.013 0.008 -0.012 0.007
0.007 -0.004 0.004 0.008 -0.009 -0.004 -0.005
-0.001 -0.004 -0.004 0.007 -0.004 0.005 -0.006
0.001 -0.001 0.010 0.001 0.004 0.018 0.001
-0.006 -0.009 -0.005 -0.001 -0.001 -0.004 0.004
-0.007 -0.013 -0.011 -0.002 0.001 0.001 0.002
0.001 -0.009 0.000 0.006 -0.012 0.006 -0.003
-0.010 0.000 -0.006 0.010 0.004 -0.001 -0.003
-0.003 0.012 0.000 -0.010 -0.001 -0.005 0.000
0.005 -0.010 0.004 0.006 0.002 0.002 0.006
0.011 0.006 -0.004 -0.011 -0.009 -0.004 -0.006
-0.010 -0.005 -0.003 -0.002 -0.009 -0.007 -0.005
-0.004 0.002 -0.004 -0.012 -0.001 -0.009 -0.004
-0.011 0.010 0.014 0.002 -0.011 0.006 0.002
0.006 -0.004 0.000 0.004 0.006 0.000 0.001
0.003 -0.012 0.000 -0.002 -0.005 -0.001 0.007
0.009 0.007 -0.005 -0.001 0.014 0.014 0.009
-0.008 -0.006 0.006 0.004 0.001 0.007 0.000















































PC36 PC37 PC38 PC39 PC40 PC41 PC42
-0.008 -0.003 -0.002 0.017 0.002 -0.001 -0.002
-0.010 0.003 -0.001 0.006 -0.002 0.008 -0.001
-0.010 0.012 -0.003 0.002 -0.008 -0.005 0.002
-0.005 -0.010 -0.007 -0.002 0.002 -0.013 -0.005
-0.002 0.007 -0.001 -0.007 0.001 -0.009 0.003
-0.014 0.005 -0.004 0.001 0.003 -0.001 0.003
-0.013 0.007 0.001 0.008 0.000 0.007 -0.003
-0.007 -0.007 -0.003 -0.016 -0.005 -0.007 0.006
-0.005 -0.015 0.003 -0.013 0.008 0.005 0.001
-0.008 0.002 -0.007 -0.007 -0.001 0.001 -0.006
-0.009 0.005 -0.001 -0.002 0.012 0.000 0.011
0.003 -0.001 0.005 0.006 0.003 0.000 -0.010
-0.005 -0.001 0.002 -0.002 0.013 -0.003 0.000
-0.001 -0.001 -0.003 -0.003 0.003 0.005 0.000
0.004 0.008 -0.010 -0.004 -0.010 -0.006 -0.011
-0.006 -0.016 0.014 0.005 0.005 -0.005 0.001
-0.002 -0.008 0.013 0.003 0.006 -0.008 0.005
-0.001 0.016 -0.030 -0.021 -0.032 0.029 -0.023
0.002 -0.006 -0.007 0.004 -0.004 0.001 -0.007
-0.006 -0.004 -0.009 -0.009 -0.003 0.005 0.005
-0.006 0.010 0.015 -0.001 0.002 -0.002 -0.002
-0.011 0.007 0.005 0.003 0.003 -0.003 -0.002
0.014 0.003 0.013 -0.013 0.000 0.009 0.011
0.002 -0.007 0.001 0.000 -0.004 0.001 0.019
0.013 0.004 0.008 -0.003 -0.010 -0.006 -0.001
-0.004 0.000 -0.006 -0.008 -0.007 -0.003 0.003
0.008 -0.008 0.012 -0.004 -0.002 0.008 -0.009
0.002 -0.001 -0.001 0.004 0.010 0.005 -0.002
0.007 0.007 0.001 0.002 0.005 -0.001 -0.003
0.009 -0.010 0.006 -0.001 -0.002 0.001 -0.001
0.005 -0.001 0.007 -0.007 -0.006 -0.001 -0.004
0.010 -0.011 0.012 -0.006 -0.010 0.004 -0.003
0.000 0.006 0.000 0.002 -0.001 -0.011 0.001
0.008 -0.009 0.016 -0.007 -0.004 0.005 -0.003
-0.005 -0.006 0.004 -0.014 -0.001 0.003 0.007
0.009 -0.005 0.005 -0.008 -0.004 0.003 0.015
0.003 0.007 -0.001 0.004 0.003 0.006 0.000
0.003 0.005 0.010 0.007 0.003 -0.005 0.008
0.010 0.001 0.010 0.002 0.013 0.009 -0.005
-0.003 0.005 -0.010 -0.007 -0.016 0.005 0.000
-0.006 -0.005 0.005 0.013 -0.002 -0.011 -0.002
0.003 -0.015 -0.014 0.004 -0.003 -0.001 0.010
-0.002 -0.011 -0.009 -0.015 0.004 0.003 0.010















































PC36 PC37 PC38 PC39 PC40 PC41 PC42
-0.004 -0.002 -0.009 0.001 0.004 -0.006 0.000
0.003 0.012 0.005 0.007 0.004 -0.004 -0.006
0.001 -0.007 0.002 0.010 0.004 -0.004 -0.009
0.007 -0.001 0.005 -0.001 -0.006 0.002 0.003
0.008 -0.002 0.013 0.007 -0.001 0.002 -0.001
0.014 0.014 -0.002 -0.011 0.004 0.003 0.002
0.008 -0.007 0.001 -0.001 0.002 -0.001 0.001
0.004 0.005 0.008 0.002 -0.002 0.002 0.008
0.000 0.012 0.005 -0.003 0.004 0.000 0.003
0.007 -0.005 -0.001 0.001 -0.004 -0.003 0.006
-0.006 0.011 0.000 0.011 -0.004 -0.003 -0.002
-0.006 0.006 -0.004 -0.007 0.007 0.000 0.003
-0.015 -0.001 0.007 -0.001 0.000 -0.004 0.001
0.002 0.007 0.010 0.004 -0.004 0.009 0.000
-0.020 0.006 0.009 0.000 0.001 -0.003 -0.002
-0.003 0.004 -0.001 -0.004 -0.003 -0.002 0.002
-0.012 0.008 0.016 0.001 -0.013 -0.005 -0.009
-0.006 -0.003 0.004 -0.010 -0.005 0.002 0.006
-0.009 0.002 0.011 -0.001 -0.010 -0.007 0.005
-0.005 0.008 0.008 0.009 0.002 -0.001 -0.007
-0.002 -0.001 0.001 -0.002 -0.007 0.002 0.004
0.016 -0.009 -0.008 0.001 0.009 0.000 -0.004
0.005 -0.005 -0.004 -0.004 0.004 -0.003 -0.005
0.010 -0.008 0.002 0.011 -0.005 0.006 -0.007
0.002 -0.002 -0.012 0.001 -0.001 0.016 -0.004
-0.010 -0.007 0.003 -0.001 -0.007 -0.005 -0.004
-0.002 -0.007 0.009 0.001 -0.004 0.002 -0.013
-0.009 -0.003 0.002 -0.014 -0.013 0.000 0.005
-0.006 0.005 -0.001 -0.012 -0.002 0.001 0.000
0.010 -0.011 0.002 -0.008 0.001 0.002 0.000
0.011 -0.009 0.005 -0.001 -0.004 0.000 0.001
0.008 0.002 -0.002 -0.002 -0.002 0.004 0.008
0.002 -0.002 0.003 -0.007 -0.007 0.003 0.000
0.003 -0.005 0.010 -0.007 0.004 0.001 0.003
0.004 -0.003 0.004 -0.003 0.002 0.000 -0.007
-0.010 0.005 -0.009 0.003 -0.013 -0.007 -0.003
-0.007 0.002 -0.002 0.002 0.008 0.006 -0.008
-0.007 0.009 0.005 -0.005 -0.001 -0.011 -0.004
-0.007 0.001 -0.003 0.002 -0.001 0.001 0.000
0.003 -0.007 0.006 -0.001 -0.001 -0.011 -0.003
-0.005 0.000 -0.013 -0.007 0.006 0.000 -0.003
-0.002 0.002 -0.002 -0.002 -0.006 -0.001 -0.008
0.016 -0.009 -0.015 -0.009 -0.004 -0.012 0.004















































PC36 PC37 PC38 PC39 PC40 PC41 PC42
0.000 -0.003 -0.002 0.007 -0.011 0.004 0.002
0.034 0.000 0.001 0.007 0.010 0.001 -0.005
0.011 -0.009 -0.007 0.011 -0.006 0.001 -0.009
0.006 -0.001 0.002 0.008 0.020 0.003 0.002
0.025 -0.005 0.006 0.011 0.003 0.008 0.002
0.003 0.009 0.006 -0.002 0.001 -0.014 0.000
-0.012 0.003 -0.003 -0.002 0.003 -0.009 0.002
-0.004 0.004 0.006 0.005 -0.001 -0.002 -0.008
0.000 0.002 0.009 -0.013 0.006 -0.008 0.000
-0.006 0.001 0.006 0.000 -0.002 0.000 0.004
0.001 0.002 0.006 -0.013 -0.004 -0.006 -0.001
-0.011 -0.001 0.000 0.002 0.010 -0.011 0.000
0.001 -0.004 0.001 -0.003 0.000 -0.006 -0.002
-0.006 0.003 0.003 -0.009 -0.006 -0.007 -0.004
-0.004 -0.005 0.004 -0.005 -0.008 -0.007 -0.003
0.006 0.005 -0.004 -0.014 -0.003 -0.002 0.007
-0.003 0.006 0.010 -0.009 0.012 0.008 0.000
-0.002 0.008 0.003 -0.005 0.010 -0.001 0.009
0.000 0.014 0.005 -0.006 -0.006 0.001 0.004
0.002 0.003 -0.013 -0.003 0.002 -0.004 0.014
-0.004 -0.004 -0.007 -0.001 0.012 0.007 0.018
-0.001 -0.007 0.003 0.000 0.002 0.000 0.001
-0.010 -0.004 -0.008 0.006 -0.012 -0.002 0.003
-0.001 -0.005 -0.005 0.000 -0.005 -0.009 0.000
0.000 0.000 0.000 0.006 0.002 0.004 0.008
0.014 0.001 -0.001 -0.008 -0.002 -0.002 0.006
-0.004 -0.001 -0.012 0.003 -0.008 -0.006 -0.004
0.006 -0.002 -0.001 -0.002 0.001 -0.001 -0.001
0.008 0.003 -0.023 0.001 0.009 0.005 -0.001
0.003 0.005 -0.015 0.008 0.002 0.011 0.004
0.005 -0.006 -0.002 -0.005 0.003 0.008 0.005
0.012 0.000 0.000 -0.002 0.000 0.001 -0.001
0.000 -0.004 0.004 -0.013 0.000 0.007 0.002
0.010 0.013 -0.005 -0.004 0.002 -0.003 0.015
-0.006 0.005 0.000 0.008 0.000 -0.001 -0.003
0.002 0.004 -0.001 -0.003 -0.010 0.005 -0.004
0.001 0.006 0.004 0.001 -0.005 -0.006 -0.002
-0.003 0.003 -0.007 0.010 0.008 -0.007 0.002
0.012 0.005 0.004 0.001 0.005 0.004 -0.004
0.006 0.004 -0.003 0.001 0.006 0.004 -0.004
-0.002 -0.029 -0.007 -0.012 -0.004 -0.006 -0.008
0.010 0.001 0.005 0.003 -0.003 0.009 -0.006
-0.001 -0.005 0.002 0.000 0.003 -0.005 -0.001















































PC36 PC37 PC38 PC39 PC40 PC41 PC42
0.011 0.001 0.001 0.015 0.005 0.006 -0.012
0.002 0.001 0.000 0.007 -0.005 0.002 -0.014
0.002 0.006 -0.002 0.010 0.003 0.014 -0.007
-0.013 -0.004 0.004 -0.010 0.008 -0.006 -0.002
0.003 -0.001 -0.003 -0.014 0.008 0.012 -0.002
-0.002 -0.004 -0.009 -0.014 0.003 0.005 -0.002
-0.007 -0.006 0.002 0.002 -0.003 -0.009 -0.006
0.008 -0.002 0.001 -0.001 -0.009 -0.010 -0.002
-0.011 -0.006 -0.002 -0.004 -0.003 0.000 -0.004
-0.002 0.000 -0.004 -0.004 0.007 -0.001 0.004
-0.002 0.012 -0.003 -0.006 -0.006 -0.004 -0.002
-0.012 0.004 0.003 0.002 0.013 0.003 0.001
-0.005 0.003 -0.002 -0.010 -0.002 -0.006 0.003
-0.006 0.000 -0.001 -0.002 -0.006 -0.007 -0.003
0.002 -0.001 0.004 -0.011 -0.003 0.000 0.005
0.000 0.001 -0.005 -0.003 0.001 -0.003 -0.001
0.001 0.001 0.001 -0.004 0.004 0.012 0.009
-0.009 0.003 -0.003 -0.014 0.001 0.010 0.003
0.019 0.000 0.006 -0.009 -0.008 -0.008 -0.001
0.004 -0.001 0.002 0.010 -0.006 -0.001 -0.008
-0.001 -0.002 -0.001 -0.002 0.004 0.002 0.006
0.016 0.004 0.005 0.004 -0.005 0.003 0.002
-0.003 0.000 0.000 0.017 0.003 -0.009 0.001
0.000 -0.002 0.002 0.015 -0.002 -0.007 -0.001
0.006 -0.001 0.001 -0.003 0.002 -0.008 -0.003
0.015 0.012 -0.014 -0.002 0.002 0.000 0.007
0.011 0.002 -0.013 0.007 -0.002 -0.011 0.001
0.004 0.015 -0.016 0.010 0.005 -0.004 -0.001
0.003 0.006 0.010 0.001 -0.005 -0.008 0.006
0.001 -0.002 -0.004 0.010 0.000 0.001 0.001
0.010 -0.005 -0.002 0.001 -0.002 -0.001 0.000
0.010 -0.004 -0.003 0.003 -0.003 0.006 -0.002
0.004 -0.008 -0.016 0.005 -0.009 0.007 0.004
0.010 -0.002 0.005 -0.001 0.001 -0.011 0.000
0.013 -0.001 0.000 0.000 -0.002 0.003 0.010
0.013 0.006 -0.005 0.011 0.008 0.011 0.003
0.000 0.001 -0.006 0.005 0.005 -0.001 0.003
0.004 0.004 -0.005 0.002 0.006 0.006 0.001
-0.006 0.009 0.003 0.003 0.012 0.003 -0.002
0.004 0.003 -0.008 0.002 0.007 -0.013 0.000
0.020 0.001 -0.015 0.006 -0.006 0.003 -0.003
0.004 0.010 0.000 0.006 -0.008 0.005 0.000
0.001 -0.003 0.001 -0.006 -0.002 0.003 0.006















































PC36 PC37 PC38 PC39 PC40 PC41 PC42
0.001 0.002 0.014 -0.003 0.000 -0.005 -0.006
0.008 0.013 0.000 0.000 0.002 0.009 -0.009
0.001 0.013 0.009 0.004 0.009 0.000 -0.006
0.006 0.010 0.006 -0.001 0.005 -0.001 -0.008
-0.009 0.010 -0.001 0.000 -0.007 -0.002 0.002
0.004 0.011 0.006 -0.006 0.018 -0.001 -0.005
0.003 0.002 0.008 -0.002 0.011 0.002 0.004
0.002 0.004 0.013 0.005 -0.004 0.004 -0.009
-0.002 0.003 0.008 0.002 0.018 0.001 -0.004
0.003 0.007 0.006 0.005 0.016 0.007 -0.005
-0.001 -0.002 0.008 -0.001 -0.002 0.000 -0.005
-0.007 -0.001 -0.001 0.007 -0.010 -0.002 -0.005
-0.008 -0.012 0.002 0.007 0.003 0.000 0.007
0.004 -0.008 0.010 0.002 -0.002 -0.003 0.002
0.001 -0.009 -0.003 0.015 -0.006 -0.001 0.001
-0.001 -0.006 0.008 0.006 0.002 -0.002 0.004
0.002 -0.002 0.004 0.000 -0.001 0.003 -0.003
-0.001 0.006 0.000 -0.001 -0.002 0.005 -0.009
-0.006 0.003 -0.003 -0.005 -0.001 0.000 -0.001
-0.006 0.007 -0.001 -0.002 -0.006 -0.001 0.000
0.003 0.000 -0.011 0.002 0.001 -0.003 0.001
0.004 -0.003 0.005 -0.008 -0.003 -0.003 -0.001
0.002 0.005 -0.002 -0.004 0.007 -0.004 -0.001
-0.010 0.011 0.003 -0.004 0.009 0.001 0.002
0.005 -0.003 -0.007 0.002 0.002 -0.003 0.004
-0.003 0.002 -0.001 -0.005 0.003 0.004 -0.001
0.012 -0.011 0.007 -0.002 -0.001 0.003 -0.006
-0.001 -0.006 0.003 -0.007 -0.009 0.003 0.006
-0.001 -0.006 0.005 0.013 0.008 0.004 -0.004
-0.006 -0.005 -0.002 -0.001 0.003 0.001 -0.004
-0.002 -0.013 -0.003 0.011 -0.008 -0.003 0.002
-0.006 -0.005 -0.002 0.004 -0.008 0.000 0.003
-0.002 -0.013 0.001 0.002 -0.016 -0.003 0.003
-0.005 0.006 -0.001 -0.001 0.012 -0.002 0.005
0.001 -0.003 -0.002 0.008 -0.007 -0.005 0.002
-0.004 -0.003 0.003 0.002 0.001 0.000 0.008
-0.005 -0.009 0.003 0.005 0.000 0.012 0.001
-0.015 -0.010 -0.009 -0.003 -0.002 0.004 0.007
-0.002 -0.001 -0.005 0.009 -0.002 0.003 0.004
-0.004 -0.002 0.003 0.002 0.005 -0.006 0.003
-0.004 -0.003 0.004 -0.001 -0.005 -0.004 0.000
-0.012 0.002 0.014 0.004 -0.002 -0.005 0.000
-0.007 0.001 0.004 0.002 -0.001 -0.003 0.004















































PC36 PC37 PC38 PC39 PC40 PC41 PC42
0.003 0.004 0.002 0.008 0.013 0.006 -0.003
-0.011 0.000 0.008 -0.005 0.008 0.003 -0.005
-0.006 0.011 0.006 0.003 0.005 0.007 -0.006
-0.014 -0.006 0.001 0.011 -0.007 -0.003 -0.005
-0.003 -0.008 -0.007 -0.015 0.012 0.003 -0.006
0.009 -0.008 -0.003 -0.004 -0.010 -0.003 0.003
0.005 -0.001 0.001 -0.001 0.001 -0.002 0.007
0.005 -0.016 -0.001 0.006 -0.012 -0.005 0.004
-0.001 0.006 0.018 0.002 -0.003 0.009 0.002
0.005 0.011 -0.004 0.001 0.007 0.009 -0.001
0.018 -0.006 -0.007 0.002 0.001 -0.013 -0.003
0.015 0.004 -0.001 0.014 0.003 0.004 0.005
-0.006 0.005 -0.008 0.007 0.000 -0.007 -0.014
0.000 0.008 -0.015 0.009 0.010 -0.006 0.000
0.000 -0.007 -0.009 -0.006 -0.005 0.013 0.003
-0.013 -0.015 -0.002 -0.009 -0.003 0.007 -0.003
-0.017 -0.008 -0.009 -0.017 0.005 -0.005 0.000
0.004 0.003 -0.019 0.001 -0.004 -0.004 0.005
-0.006 -0.008 0.004 -0.012 -0.005 0.008 -0.001
0.001 0.016 -0.006 0.021 0.005 0.001 0.003
-0.006 -0.014 0.002 -0.009 0.004 -0.002 -0.002
0.000 -0.001 -0.021 -0.002 0.006 -0.002 0.003
-0.001 -0.010 0.023 -0.001 0.003 0.005 0.000
0.011 -0.005 0.003 0.017 -0.009 -0.015 -0.010
0.000 0.013 0.004 0.013 0.007 -0.008 -0.010
-0.015 0.003 -0.003 -0.003 0.006 -0.002 0.008
0.001 0.004 0.008 -0.010 -0.006 -0.007 -0.003
0.013 0.005 0.001 -0.006 -0.010 0.001 0.000
0.000 0.000 -0.007 -0.013 -0.013 0.005 -0.005
0.013 0.005 0.001 -0.003 -0.006 -0.003 0.002
0.010 0.011 0.013 0.002 -0.006 0.003 -0.009
0.003 -0.007 -0.009 -0.003 -0.002 0.005 0.005
-0.002 -0.018 0.013 0.007 -0.002 0.007 -0.012
-0.010 -0.009 0.009 -0.002 0.002 -0.010 -0.001
0.013 -0.010 0.007 -0.004 -0.013 0.002 -0.002
0.006 -0.004 0.004 -0.001 -0.015 0.011 0.002
0.008 -0.002 -0.008 -0.002 0.012 -0.002 -0.002
-0.014 0.010 0.009 0.015 0.013 0.004 -0.009
0.001 0.010 0.017 -0.011 0.017 0.009 0.006
0.001 -0.013 -0.013 0.014 0.006 0.006 -0.007
-0.004 0.010 0.000 -0.010 0.002 -0.008 -0.002
0.013 -0.005 0.001 0.009 -0.004 -0.007 -0.002
-0.014 -0.012 -0.013 -0.003 -0.002 0.004 0.006






































PC36 PC37 PC38 PC39 PC40 PC41 PC42
-0.006 0.001 -0.002 0.009 0.007 -0.009 -0.003
-0.024 -0.006 -0.010 0.006 -0.011 0.011 -0.010
-0.003 0.019 0.015 0.031 -0.013 -0.003 0.061
0.007 0.003 -0.005 0.011 -0.011 -0.010 0.002
0.005 0.002 -0.001 -0.009 -0.008 0.001 -0.001
-0.005 -0.001 -0.007 -0.007 0.007 -0.013 0.001
0.006 -0.012 -0.007 0.010 -0.015 0.001 0.009
-0.001 0.006 -0.007 0.000 -0.004 -0.008 0.010
-0.002 0.004 0.013 0.001 -0.006 -0.010 0.000
0.002 -0.005 -0.001 0.007 0.002 -0.009 -0.010
-0.016 0.002 -0.001 0.007 0.014 0.007 -0.004
-0.003 0.017 -0.004 -0.008 -0.016 -0.001 0.004
-0.003 0.008 -0.007 -0.007 0.002 0.003 0.000
-0.003 -0.002 0.008 -0.002 0.001 -0.003 -0.003
0.002 0.001 -0.010 -0.001 0.013 -0.001 -0.002
0.001 -0.002 -0.004 -0.004 0.018 0.009 -0.010
0.008 -0.018 -0.002 -0.001 0.007 -0.009 -0.004
-0.003 -0.019 -0.007 0.000 0.009 -0.007 -0.007
0.015 0.031 0.006 0.002 -0.027 -0.006 -0.002
0.001 -0.013 -0.003 -0.008 0.001 -0.005 -0.002
-0.019 0.004 0.012 0.002 0.007 0.000 -0.005
0.003 -0.012 -0.005 -0.010 0.002 0.011 0.004
-0.013 0.013 -0.011 -0.001 0.007 0.007 -0.007
-0.001 0.004 0.003 -0.003 0.003 0.000 -0.010
0.014 0.030 0.000 -0.002 -0.015 0.021 -0.003
-0.014 -0.001 -0.011 0.009 0.002 -0.005 0.000
-0.004 0.005 0.004 -0.006 0.008 -0.003 0.001
0.005 -0.003 0.005 -0.004 0.008 -0.010 0.002
-0.001 0.002 0.003 0.001 -0.008 -0.012 0.000
-0.002 -0.010 -0.003 0.013 -0.004 -0.009 0.005
0.004 -0.002 0.007 0.009 0.002 -0.002 -0.005
0.020 -0.009 0.018 -0.013 0.012 0.014 0.002
-0.010 -0.002 -0.002 0.012 -0.009 0.000 0.012
-0.007 -0.006 0.016 -0.006 -0.001 -0.007 0.001















































PC43 PC44 PC45 PC46 PC47 PC48 PC49
0.005 0.004 0.003 0.003 -0.004 0.002 -0.003
0.008 0.014 0.011 -0.002 -0.007 0.004 0.004
-0.006 0.014 0.000 0.005 -0.001 -0.005 0.001
-0.001 -0.001 -0.007 0.003 -0.013 0.000 0.002
0.004 -0.002 0.005 -0.004 -0.001 0.014 0.000
-0.009 -0.014 -0.004 0.004 0.001 -0.009 -0.009
-0.002 -0.002 0.006 0.004 0.004 0.003 -0.002
-0.002 -0.004 -0.001 0.004 -0.003 0.008 0.007
0.006 0.004 0.006 -0.004 -0.005 -0.011 -0.004
-0.002 -0.003 0.010 0.006 0.002 0.007 0.004
-0.001 0.005 -0.003 0.010 -0.006 -0.006 0.005
0.005 -0.017 0.012 -0.001 -0.002 -0.004 0.005
0.010 -0.001 0.003 0.005 -0.002 0.002 0.002
0.011 -0.003 0.006 0.005 -0.002 0.005 0.001
0.007 0.002 0.013 -0.001 -0.005 0.003 0.001
0.004 -0.006 0.011 -0.004 -0.005 0.001 -0.004
0.001 -0.006 -0.008 -0.001 -0.005 0.002 0.003
-0.009 -0.002 0.001 -0.007 0.001 -0.003 -0.002
0.001 0.001 0.002 -0.007 -0.009 -0.002 -0.001
0.005 0.004 0.004 0.001 -0.002 0.003 -0.003
-0.007 -0.005 -0.001 -0.004 -0.004 0.003 -0.002
-0.011 -0.009 -0.008 -0.008 -0.007 -0.004 0.014
0.001 0.003 -0.004 0.011 -0.001 0.007 -0.001
-0.002 0.001 -0.001 0.008 -0.004 0.001 0.009
0.001 -0.005 0.000 0.006 0.004 0.006 0.000
-0.009 0.000 -0.001 0.002 -0.003 0.002 -0.004
0.003 -0.006 0.009 0.002 -0.007 0.005 -0.003
-0.011 -0.001 -0.004 0.010 0.003 0.006 -0.002
-0.010 0.003 0.000 0.004 0.000 0.001 0.000
0.000 0.002 0.006 -0.001 -0.002 -0.002 -0.001
-0.007 0.008 -0.005 -0.004 0.001 0.002 0.002
-0.005 0.007 0.003 -0.007 -0.005 -0.001 -0.002
0.001 -0.003 0.004 0.000 0.003 -0.002 0.000
-0.002 0.000 -0.004 -0.003 0.004 0.000 0.004
-0.004 0.001 0.006 -0.011 -0.001 -0.001 -0.002
0.000 0.004 -0.001 0.001 0.005 0.003 0.006
0.000 0.005 0.002 0.001 -0.001 0.002 0.001
0.001 0.000 0.004 0.004 -0.005 0.006 -0.002
0.002 0.006 0.001 0.006 0.003 0.003 0.002
0.003 0.011 0.004 0.009 0.004 0.002 -0.001
-0.012 -0.001 0.002 0.000 0.002 0.003 -0.006
-0.013 0.001 0.004 0.002 0.009 0.002 -0.004
-0.001 0.006 -0.002 -0.003 -0.003 0.007 -0.005















































PC43 PC44 PC45 PC46 PC47 PC48 PC49
0.001 0.006 -0.006 0.005 -0.005 0.002 0.003
-0.002 -0.001 -0.003 -0.003 -0.003 0.000 -0.001
-0.004 0.006 -0.004 -0.007 0.008 0.001 0.002
0.000 -0.003 -0.006 0.001 0.005 0.000 0.003
0.001 0.013 -0.001 -0.006 -0.001 0.003 0.003
0.006 -0.003 0.000 -0.001 -0.006 0.000 0.006
-0.003 0.000 0.002 0.002 0.012 0.004 0.004
-0.001 -0.001 -0.002 0.002 0.004 0.000 0.002
0.020 0.011 0.006 0.002 0.004 -0.006 0.004
-0.004 0.013 -0.005 0.009 0.002 -0.004 -0.007
-0.001 0.003 -0.007 -0.003 0.001 -0.003 -0.001
-0.002 -0.009 0.003 0.004 0.003 -0.017 0.006
0.000 0.004 -0.001 -0.001 -0.002 -0.004 0.013
-0.005 0.000 -0.002 -0.002 0.014 0.003 -0.008
0.001 -0.005 -0.001 0.005 0.009 0.002 0.002
-0.001 -0.002 -0.002 0.000 0.000 -0.001 0.000
0.008 -0.001 0.003 0.004 0.002 -0.005 0.000
-0.004 0.004 0.002 0.004 -0.005 -0.002 0.001
0.000 -0.012 0.001 -0.003 -0.015 -0.007 0.008
-0.002 0.006 -0.001 -0.003 -0.001 -0.001 -0.005
-0.002 -0.005 -0.002 -0.005 0.000 0.004 -0.003
0.004 0.012 0.001 0.005 -0.011 0.001 -0.008
0.004 0.007 -0.001 0.004 -0.002 -0.002 0.001
0.004 -0.005 -0.004 0.008 -0.003 0.000 -0.005
0.002 0.004 0.003 -0.002 -0.008 0.003 -0.003
0.004 -0.007 -0.002 0.004 0.002 0.003 0.004
-0.004 0.000 -0.001 0.005 0.000 0.005 -0.002
0.001 -0.008 0.004 0.004 0.005 0.002 -0.006
-0.005 -0.004 -0.002 0.001 0.004 -0.005 0.000
0.004 0.000 0.002 -0.014 -0.002 -0.008 0.001
-0.008 -0.001 0.000 -0.001 -0.005 0.004 -0.002
-0.001 -0.005 0.003 0.001 0.003 -0.001 -0.008
-0.002 0.003 -0.005 -0.002 0.006 0.003 0.000
-0.002 -0.005 -0.002 -0.004 0.000 0.000 0.000
-0.006 -0.001 0.002 -0.014 0.005 -0.006 0.004
-0.004 0.003 -0.001 0.005 0.004 -0.002 0.004
-0.003 -0.007 0.002 0.009 0.011 -0.001 -0.005
0.005 0.003 0.006 -0.005 -0.005 0.001 0.000
0.011 0.006 -0.005 -0.003 -0.007 -0.003 -0.001
-0.002 -0.001 0.003 -0.001 0.009 -0.002 0.009
0.001 0.011 0.000 -0.010 -0.008 0.001 0.003
0.008 0.001 0.002 0.001 0.000 0.003 0.005
0.005 0.001 0.004 -0.006 -0.002 -0.001 0.006















































PC43 PC44 PC45 PC46 PC47 PC48 PC49
0.005 0.009 -0.002 0.005 -0.004 0.001 0.002
-0.002 0.004 -0.001 -0.002 0.001 0.004 0.003
0.006 0.008 -0.003 -0.001 0.006 0.000 -0.003
-0.004 -0.006 -0.003 -0.001 0.008 -0.002 0.002
-0.004 0.015 -0.007 -0.002 0.005 -0.004 -0.004
0.003 0.004 -0.004 0.000 0.004 -0.001 0.000
-0.003 -0.003 -0.003 0.003 0.003 0.010 -0.009
0.002 0.002 -0.005 0.006 0.008 0.001 0.003
-0.001 -0.004 0.000 0.005 -0.003 0.004 -0.001
0.000 -0.006 0.004 0.005 -0.001 -0.004 0.005
0.001 -0.002 -0.005 0.002 0.007 -0.003 0.004
-0.009 -0.006 0.006 0.001 0.006 -0.003 0.009
-0.006 -0.003 0.008 0.002 0.000 0.006 -0.003
0.007 0.000 -0.001 -0.007 0.013 -0.008 0.008
0.002 -0.002 0.002 -0.006 0.001 0.000 -0.003
0.004 -0.003 0.001 0.007 -0.004 -0.012 -0.002
-0.007 -0.006 0.000 -0.003 -0.006 -0.007 -0.002
0.000 -0.005 0.006 -0.006 0.000 0.001 0.007
-0.001 -0.004 0.002 0.008 0.001 -0.009 -0.003
-0.006 -0.012 -0.001 0.002 -0.004 0.002 0.000
-0.008 0.005 0.005 0.016 0.000 0.005 -0.001
-0.005 -0.009 0.010 -0.003 -0.002 -0.005 0.005
0.004 -0.009 -0.006 -0.006 0.007 -0.002 -0.001
0.007 -0.010 -0.001 0.007 -0.001 0.002 0.000
0.000 -0.016 -0.003 0.005 -0.001 -0.006 0.000
-0.004 -0.009 0.009 -0.003 -0.003 -0.009 0.000
0.005 -0.006 0.005 0.001 -0.002 0.001 0.002
0.000 -0.007 -0.011 -0.004 0.010 -0.003 -0.002
-0.003 0.001 0.005 0.005 0.006 -0.010 -0.001
0.001 -0.001 -0.001 -0.002 -0.002 0.005 0.008
0.003 -0.003 -0.005 -0.002 0.001 -0.007 0.002
0.012 -0.005 0.007 0.002 0.000 0.002 0.000
0.005 -0.005 0.006 0.004 0.001 0.005 -0.001
0.002 0.005 0.003 0.002 -0.002 0.001 -0.005
0.004 -0.006 0.002 -0.004 0.008 -0.007 -0.007
0.001 0.007 -0.007 -0.007 0.003 0.009 -0.004
0.004 0.004 -0.002 -0.003 0.000 0.000 -0.003
-0.001 0.000 -0.006 -0.004 -0.004 0.003 -0.001
0.002 0.000 -0.003 -0.007 -0.001 -0.004 -0.004
-0.002 0.003 0.001 -0.001 -0.003 -0.003 -0.004
0.007 -0.004 0.002 -0.002 0.002 -0.003 0.002
0.005 0.017 0.006 0.006 -0.007 -0.007 0.008
-0.001 -0.001 -0.003 -0.009 -0.009 -0.003 0.005















































PC43 PC44 PC45 PC46 PC47 PC48 PC49
-0.001 -0.008 -0.004 -0.004 -0.001 -0.002 0.001
0.004 0.002 -0.005 0.004 0.000 0.000 -0.010
0.000 0.003 0.000 0.009 -0.001 0.005 -0.005
-0.003 -0.003 0.000 0.004 -0.003 0.001 -0.005
0.004 0.006 0.001 0.007 0.001 -0.007 -0.004
0.002 0.006 0.003 0.009 -0.004 -0.002 -0.003
0.004 0.001 0.005 -0.003 0.012 0.013 0.007
0.004 0.001 -0.003 0.006 -0.001 -0.006 0.004
-0.004 -0.009 -0.002 -0.004 0.003 0.002 -0.001
0.001 -0.007 0.001 -0.005 0.001 0.003 -0.006
-0.003 -0.001 -0.004 0.005 0.006 -0.010 -0.001
0.000 0.007 -0.001 -0.003 0.004 -0.005 0.003
-0.006 0.005 -0.004 -0.002 0.002 0.010 -0.003
0.005 0.000 -0.006 -0.006 -0.001 0.003 -0.006
0.001 0.009 -0.005 -0.005 0.001 0.002 -0.004
0.008 0.007 0.002 -0.002 0.003 0.000 0.003
-0.003 0.003 -0.001 -0.001 0.004 -0.003 0.000
-0.044 0.002 0.027 -0.001 -0.012 0.000 0.020
-0.005 -0.001 -0.004 -0.008 -0.003 0.002 -0.003
0.000 0.000 -0.009 0.001 0.002 0.003 -0.011
0.000 0.006 -0.009 -0.008 -0.001 -0.003 -0.001
-0.005 0.002 0.002 0.002 0.003 -0.005 0.005
0.002 -0.002 0.009 0.000 0.007 -0.002 0.016
0.010 -0.004 -0.003 -0.002 0.000 -0.009 0.001
0.001 0.002 -0.002 -0.003 0.002 -0.006 0.004
0.003 -0.002 -0.001 -0.007 0.002 -0.001 0.001
0.003 -0.004 0.005 0.003 0.002 0.004 0.003
0.000 -0.004 0.003 0.001 0.007 -0.003 0.004
0.002 -0.001 -0.004 -0.001 -0.003 -0.008 -0.004
0.010 -0.007 0.009 -0.007 0.005 0.006 -0.002
0.004 -0.001 -0.001 0.013 0.000 0.007 -0.009
0.000 -0.001 0.001 0.002 -0.003 0.007 -0.007
0.001 0.004 0.003 0.013 0.004 0.001 0.007
0.014 0.003 0.003 -0.009 -0.002 0.000 0.007
0.001 0.000 0.001 -0.009 0.006 -0.002 -0.003
0.005 -0.007 0.000 0.006 -0.004 0.001 -0.004
-0.002 0.002 0.008 -0.002 0.009 0.000 0.000
-0.006 0.001 -0.003 0.002 0.003 0.004 -0.003
-0.006 -0.001 -0.004 -0.003 0.004 0.002 0.001
0.009 -0.001 0.001 0.007 0.001 0.005 -0.002
-0.002 -0.003 0.004 -0.001 0.002 -0.004 -0.004
0.010 0.000 -0.006 -0.014 -0.008 -0.010 -0.017
0.008 0.005 0.000 -0.002 -0.002 -0.005 0.003















































PC43 PC44 PC45 PC46 PC47 PC48 PC49
0.005 0.001 0.003 -0.010 0.001 0.008 0.009
0.008 0.005 -0.006 -0.008 -0.012 0.005 0.001
0.000 -0.004 -0.009 0.006 -0.003 0.007 0.004
0.000 -0.002 -0.008 -0.005 0.001 0.005 0.004
-0.003 -0.001 0.005 0.000 0.006 0.000 0.004
0.009 0.008 -0.018 0.010 0.007 0.010 0.004
0.001 -0.001 -0.003 0.001 -0.009 0.012 0.000
0.002 -0.010 -0.001 0.005 -0.004 -0.004 -0.004
-0.002 -0.006 0.003 0.001 0.001 0.003 0.005
-0.003 -0.006 -0.001 0.006 -0.006 0.002 -0.004
-0.002 0.000 0.002 0.010 -0.001 -0.001 -0.007
-0.001 -0.007 0.000 0.010 -0.003 0.006 0.003
-0.002 0.001 0.002 -0.002 0.000 0.002 0.003
0.000 -0.005 0.007 0.003 -0.003 0.006 -0.006
0.004 -0.001 0.009 -0.001 -0.006 0.002 0.000
-0.001 -0.001 -0.005 -0.002 0.005 0.002 -0.003
-0.005 -0.009 -0.011 0.009 0.001 0.001 0.000
-0.001 0.000 -0.006 0.005 -0.002 0.001 -0.004
0.001 -0.010 0.003 -0.002 -0.006 -0.001 -0.003
0.002 0.007 0.003 0.006 0.004 0.008 0.005
0.007 -0.009 -0.005 -0.003 0.000 0.002 -0.001
0.004 0.004 0.011 -0.011 0.000 -0.005 0.007
0.011 0.001 0.000 -0.003 -0.002 0.000 0.012
0.002 0.002 -0.008 -0.004 -0.004 0.004 -0.004
0.005 0.006 -0.005 -0.002 0.001 0.002 0.003
-0.001 -0.001 -0.004 -0.002 0.009 -0.004 0.003
0.006 0.005 0.000 -0.005 -0.005 0.003 0.001
0.008 0.006 -0.003 0.010 0.002 -0.002 0.002
0.001 -0.003 -0.006 -0.002 -0.006 0.011 0.003
-0.001 -0.003 -0.006 -0.004 -0.002 0.008 -0.009
-0.001 0.006 -0.009 0.003 0.007 0.002 -0.002
0.000 0.006 -0.007 0.005 0.006 -0.004 0.004
0.001 -0.003 -0.007 0.008 0.005 0.005 0.004
-0.001 0.008 -0.001 0.003 0.009 0.003 -0.007
-0.005 -0.005 -0.002 0.007 0.006 0.006 0.002
0.017 -0.002 0.005 0.006 -0.002 0.001 -0.002
0.001 -0.002 0.001 0.010 -0.003 0.006 -0.007
0.000 -0.007 -0.005 0.003 0.002 0.000 0.000
-0.002 -0.012 0.002 0.005 -0.004 0.008 -0.007
-0.005 0.005 -0.004 0.004 0.011 -0.006 0.009
0.007 0.002 0.000 -0.002 -0.003 0.011 -0.006
-0.002 -0.003 -0.004 0.002 0.002 0.004 -0.002
-0.006 -0.007 0.001 -0.001 0.011 0.005 -0.001















































PC43 PC44 PC45 PC46 PC47 PC48 PC49
0.001 -0.007 -0.005 -0.005 0.004 0.014 0.002
-0.001 -0.002 -0.008 0.009 -0.004 -0.001 0.001
0.003 0.002 -0.008 -0.005 0.000 0.000 0.005
-0.005 -0.004 -0.011 0.006 -0.006 0.001 0.000
0.006 0.001 -0.002 -0.002 -0.014 -0.005 -0.003
-0.005 -0.004 0.002 0.001 0.002 0.002 -0.001
-0.006 0.002 -0.003 -0.007 -0.002 0.003 -0.003
-0.009 0.002 0.008 -0.015 0.005 0.010 0.002
0.000 0.008 0.007 -0.005 0.005 -0.001 -0.008
-0.008 -0.004 0.005 -0.005 0.000 0.004 -0.002
0.004 0.007 0.004 0.005 0.003 0.005 -0.011
-0.006 -0.001 0.010 0.000 0.007 -0.002 -0.004
0.000 0.007 0.002 -0.009 0.006 -0.005 0.001
-0.003 0.000 0.004 0.000 0.000 0.000 -0.004
0.007 0.001 0.006 -0.006 -0.004 0.005 0.004
0.006 0.007 0.001 0.007 0.008 0.000 0.010
-0.002 0.003 0.005 -0.006 0.001 0.001 -0.004
-0.005 0.003 0.007 0.006 -0.003 0.005 -0.001
-0.007 0.003 0.002 0.006 -0.001 -0.004 -0.007
-0.004 0.001 0.003 -0.011 0.008 0.000 -0.005
0.002 -0.006 0.002 -0.003 -0.007 -0.002 -0.003
-0.001 -0.001 -0.001 -0.005 -0.002 -0.004 0.004
0.005 0.001 0.007 0.006 0.007 0.000 0.000
0.004 0.007 -0.003 -0.008 0.001 0.000 0.003
-0.006 0.005 0.003 -0.004 -0.005 -0.003 0.000
0.004 -0.001 -0.002 -0.001 0.008 0.002 0.001
0.008 0.004 0.001 -0.002 -0.006 0.001 -0.002
0.003 0.000 -0.001 0.000 -0.005 -0.002 0.002
-0.001 -0.016 -0.007 -0.006 0.004 0.008 0.001
0.004 0.004 -0.004 0.003 -0.007 0.001 -0.004
0.000 0.002 -0.003 0.002 -0.002 -0.005 -0.004
0.004 0.001 0.000 0.002 0.002 0.001 0.006
0.003 0.008 0.002 -0.001 -0.004 -0.002 0.006
0.009 -0.005 -0.003 -0.001 0.008 -0.004 -0.002
0.001 0.005 -0.001 -0.001 0.000 0.003 -0.005
0.004 0.012 0.001 0.005 -0.009 -0.001 -0.002
0.000 -0.007 0.001 -0.001 0.001 0.004 -0.003
-0.001 0.001 -0.001 0.008 0.011 -0.006 0.002
0.000 -0.001 -0.009 -0.001 -0.003 -0.002 0.004
0.003 0.000 -0.008 0.004 -0.008 -0.004 0.002
-0.004 0.002 -0.011 0.000 0.002 -0.009 0.000
0.006 -0.001 -0.009 -0.006 0.004 0.007 -0.002
0.006 0.006 -0.009 0.001 0.000 -0.004 0.001















































PC43 PC44 PC45 PC46 PC47 PC48 PC49
-0.006 0.002 -0.003 -0.001 0.000 0.000 -0.004
-0.004 0.002 0.002 0.000 -0.003 0.005 0.001
-0.006 0.002 0.002 0.007 -0.001 -0.010 -0.004
-0.002 -0.001 -0.010 0.001 -0.006 -0.002 0.003
-0.003 -0.001 -0.005 -0.003 -0.004 -0.002 0.001
-0.002 -0.003 0.011 -0.002 0.000 0.008 0.000
0.003 0.007 -0.001 0.007 0.000 -0.011 0.009
-0.006 0.001 -0.007 0.000 0.007 -0.004 -0.004
-0.006 -0.004 -0.002 -0.003 -0.006 -0.001 -0.001
0.000 0.000 0.003 -0.012 -0.002 0.002 -0.005
-0.002 -0.001 -0.003 -0.007 0.001 0.000 -0.002
-0.001 0.007 0.000 -0.004 -0.001 -0.008 -0.006
-0.008 0.003 0.003 -0.006 0.001 0.000 0.000
0.000 0.000 0.003 -0.001 0.006 -0.004 0.000
-0.001 0.005 -0.004 0.003 0.006 -0.006 0.007
-0.012 0.005 0.012 -0.003 0.007 -0.001 0.003
-0.002 0.015 -0.002 -0.004 0.006 0.002 -0.003
0.001 0.011 0.003 -0.001 0.001 -0.004 -0.005
0.000 0.002 -0.004 -0.002 -0.003 -0.007 0.002
-0.006 -0.005 0.002 -0.001 -0.005 -0.001 -0.006
-0.006 -0.002 0.008 0.008 0.004 -0.009 0.005
-0.007 -0.002 0.004 0.002 -0.003 -0.004 0.000
-0.006 -0.002 0.002 -0.004 -0.003 -0.009 -0.005
-0.004 0.006 0.009 0.001 0.004 -0.004 0.004
-0.003 -0.006 0.000 -0.009 0.000 -0.007 0.003
-0.005 -0.005 -0.003 0.004 0.000 0.002 -0.005
0.005 -0.002 -0.004 -0.002 0.002 -0.007 0.003
0.001 -0.007 0.001 -0.004 0.007 -0.001 0.000
-0.001 0.002 0.003 0.002 0.004 0.000 0.003
-0.009 0.005 0.001 0.004 0.004 0.005 0.004
-0.001 0.005 0.003 0.003 0.000 0.006 0.000
-0.007 0.003 -0.002 0.000 0.007 0.003 0.002
-0.003 0.005 -0.005 -0.002 0.000 0.005 0.002
0.002 -0.003 0.001 -0.005 0.002 0.004 -0.003
-0.006 -0.003 0.002 -0.001 0.001 0.001 -0.001
0.004 0.004 0.000 0.003 0.011 0.003 0.002
-0.003 0.011 -0.002 -0.002 0.001 0.005 -0.002
-0.001 -0.006 -0.001 0.002 0.012 0.003 0.003
0.000 -0.003 -0.002 0.001 -0.002 -0.001 -0.005
0.001 0.005 0.000 -0.006 0.000 0.012 0.006
0.009 0.004 0.004 0.001 0.005 -0.004 0.007
0.000 0.002 0.004 0.004 -0.003 -0.005 -0.006
-0.003 0.000 0.002 0.005 -0.006 -0.001 -0.003















































PC43 PC44 PC45 PC46 PC47 PC48 PC49
0.000 0.003 0.000 0.008 -0.003 0.005 -0.003
-0.010 0.000 -0.001 0.005 0.002 0.003 -0.002
0.001 0.005 -0.003 0.004 -0.001 -0.009 -0.002
-0.001 0.003 0.003 -0.003 -0.002 -0.009 0.006
-0.008 0.001 -0.003 0.005 -0.003 -0.007 -0.004
-0.002 -0.002 0.006 0.000 -0.006 -0.002 -0.008
-0.002 0.005 0.003 0.004 -0.003 0.002 -0.002
-0.004 0.003 0.001 -0.008 0.008 -0.003 -0.002
-0.004 0.009 0.006 -0.004 -0.002 -0.003 -0.003
-0.003 0.011 0.003 -0.001 -0.008 0.002 0.001
0.003 -0.003 0.007 0.003 -0.009 0.005 -0.003
0.006 -0.001 0.006 -0.010 0.004 0.006 -0.001
-0.002 -0.006 0.007 -0.002 0.002 0.001 0.004
0.008 -0.008 0.002 -0.005 -0.003 0.003 -0.006
0.011 -0.008 0.004 -0.008 0.001 0.000 0.001
0.010 -0.009 -0.003 0.001 -0.001 -0.005 0.003
-0.001 -0.005 -0.008 0.004 -0.009 -0.003 0.001
0.006 -0.004 -0.006 -0.007 0.000 0.001 0.001
0.001 -0.004 -0.007 0.001 0.003 -0.009 0.005
0.007 -0.001 0.003 -0.006 -0.006 -0.004 -0.006
0.002 -0.001 -0.005 -0.009 -0.006 0.005 -0.001
0.003 -0.006 -0.005 -0.005 0.000 0.000 0.002
-0.002 -0.004 -0.001 -0.003 0.001 -0.003 0.000
0.011 -0.010 -0.002 0.005 0.009 -0.002 -0.005
0.005 -0.009 0.005 0.005 0.000 -0.001 -0.003
0.002 -0.001 -0.002 0.003 0.004 -0.007 0.005
0.001 0.002 -0.006 0.005 -0.004 0.000 -0.006
0.001 0.000 -0.005 0.008 -0.002 0.007 -0.003
0.002 -0.001 -0.003 0.000 -0.004 -0.004 0.007
0.006 0.007 -0.013 0.003 -0.009 0.001 0.005
-0.001 0.009 -0.003 0.001 0.002 -0.002 0.003
0.002 -0.001 0.001 0.004 -0.002 0.003 -0.007
-0.004 -0.004 -0.002 0.001 0.002 -0.008 0.005
0.003 -0.005 0.006 -0.007 -0.006 -0.005 -0.001
-0.002 -0.005 0.003 -0.001 -0.002 -0.001 0.008
-0.013 -0.004 -0.003 0.003 -0.007 -0.003 -0.010
-0.002 -0.008 -0.001 -0.003 0.001 -0.009 0.010
-0.004 -0.001 -0.005 0.008 -0.003 0.002 0.004
-0.006 -0.006 0.007 0.007 -0.002 -0.004 0.001
-0.001 0.008 0.007 -0.001 -0.001 -0.007 -0.002
-0.003 0.001 -0.002 -0.005 -0.007 -0.008 0.003
-0.008 0.003 -0.001 -0.005 0.000 -0.004 -0.002
-0.003 -0.002 0.001 0.000 -0.008 -0.008 0.004















































PC43 PC44 PC45 PC46 PC47 PC48 PC49
0.002 0.005 0.001 -0.009 -0.003 0.009 0.003
-0.001 0.006 -0.005 -0.001 -0.001 0.007 0.004
-0.002 -0.003 -0.001 -0.007 -0.006 0.002 0.001
-0.008 0.003 -0.003 0.003 -0.001 0.007 -0.004
-0.002 0.006 0.001 0.009 -0.005 0.004 0.004
-0.010 0.011 -0.001 0.008 -0.005 -0.004 -0.012
-0.004 0.000 -0.008 -0.004 0.001 0.001 0.002
-0.004 0.004 0.001 -0.003 -0.004 -0.008 -0.008
0.000 -0.002 -0.012 0.004 -0.002 0.002 -0.006
-0.006 0.007 -0.003 -0.011 0.013 -0.011 -0.011
0.005 -0.001 0.017 0.004 -0.006 -0.003 0.002
0.004 -0.010 0.013 -0.002 0.005 0.004 -0.013
-0.002 0.003 -0.003 -0.003 0.000 -0.001 0.001
-0.002 -0.004 -0.001 -0.010 -0.006 0.006 -0.005
0.017 -0.006 0.010 -0.006 0.010 0.006 0.007
0.007 -0.006 -0.003 0.003 -0.008 0.003 0.000
0.006 0.004 0.000 0.000 0.003 -0.012 0.000
0.004 -0.001 0.004 -0.005 0.000 0.002 -0.005
-0.005 -0.010 -0.005 0.013 0.003 0.007 0.004
0.006 0.006 -0.008 0.006 -0.006 0.002 0.017
-0.017 -0.004 -0.004 0.004 -0.005 -0.005 0.008
-0.011 0.002 -0.007 -0.012 0.002 -0.001 -0.005
-0.006 0.002 0.016 0.001 0.006 0.001 -0.001
-0.002 0.004 0.011 0.015 -0.003 -0.011 0.004
0.002 0.006 -0.002 0.000 0.005 0.003 -0.003
0.000 -0.002 0.008 0.005 -0.001 0.004 0.007
0.009 0.001 0.006 0.003 0.001 -0.007 0.001
0.001 -0.001 -0.002 -0.010 -0.008 -0.001 0.002
-0.001 0.010 0.008 -0.002 -0.006 0.002 -0.007
-0.002 -0.008 -0.005 -0.007 0.005 -0.001 -0.001
0.007 -0.007 -0.003 -0.002 0.000 0.003 0.007
0.005 -0.008 -0.014 0.000 -0.019 -0.006 0.007
0.007 -0.004 0.013 0.009 -0.005 -0.001 -0.010
-0.015 0.004 0.000 -0.003 0.003 0.001 0.003
0.001 0.001 -0.002 -0.016 0.001 -0.003 -0.002
0.002 -0.008 0.004 -0.009 0.013 0.013 0.000
0.003 -0.007 0.014 0.009 -0.003 -0.006 0.000
0.010 -0.004 -0.002 0.002 0.004 0.006 0.001
-0.006 -0.004 0.007 0.001 0.002 -0.007 -0.002
-0.003 0.012 -0.001 -0.001 0.004 -0.010 -0.017
0.001 -0.003 -0.009 -0.003 0.002 0.002 0.002
0.000 -0.012 -0.003 0.006 -0.005 -0.007 0.007
-0.001 0.004 0.007 -0.001 0.013 0.002 -0.015






































PC43 PC44 PC45 PC46 PC47 PC48 PC49
0.000 -0.003 0.002 0.005 0.003 0.006 0.010
0.017 -0.009 -0.011 0.000 0.015 -0.011 -0.005
-0.013 0.010 -0.016 -0.002 -0.018 0.008 0.014
0.002 -0.004 0.003 0.003 -0.006 0.003 0.007
0.004 0.003 0.001 0.008 -0.011 0.002 -0.002
-0.001 0.002 0.005 -0.008 0.002 0.007 0.014
-0.003 0.008 0.010 0.009 0.003 0.003 0.000
0.012 0.004 0.001 0.006 -0.005 -0.005 -0.004
-0.005 -0.002 0.000 -0.002 -0.005 0.002 -0.006
-0.008 -0.013 -0.001 0.000 -0.006 -0.003 -0.001
-0.006 -0.005 -0.006 0.003 0.004 -0.004 -0.008
-0.010 0.010 -0.008 -0.008 -0.007 -0.007 -0.003
0.002 0.006 -0.004 0.007 0.001 -0.003 0.002
-0.006 -0.008 -0.004 0.008 -0.004 0.005 0.008
-0.008 0.004 -0.002 -0.003 -0.005 0.015 0.007
-0.001 -0.005 0.004 0.011 0.000 -0.002 -0.010
-0.012 0.002 -0.006 0.000 0.001 -0.001 0.000
0.005 0.010 -0.006 0.008 0.010 0.007 0.003
-0.003 -0.003 -0.006 -0.005 0.004 -0.002 -0.001
-0.001 0.005 -0.001 0.002 0.002 0.008 0.005
-0.001 -0.008 -0.010 -0.004 0.004 0.007 0.002
-0.012 0.003 0.003 0.002 0.001 0.008 0.010
0.012 -0.010 -0.004 0.000 0.000 -0.011 -0.001
0.009 -0.006 0.010 0.008 0.003 -0.003 0.003
-0.005 -0.003 0.003 -0.006 0.003 -0.009 -0.002
0.017 -0.001 -0.004 0.006 0.005 0.000 0.005
-0.003 0.005 0.002 -0.009 0.005 0.012 0.002
-0.002 0.001 0.011 0.000 -0.006 0.012 -0.008
0.013 0.006 0.011 -0.010 -0.008 0.004 -0.007
0.006 0.011 0.004 0.005 0.000 0.000 -0.009
0.011 0.018 0.013 -0.002 0.001 0.003 0.002
-0.002 -0.010 -0.010 -0.003 -0.005 0.009 -0.004
0.000 0.008 0.008 -0.004 0.005 0.000 0.001
0.000 0.006 -0.006 -0.001 0.002 -0.001 0.015















































PC50 PC51 PC52 PC53 PC54 PC55 PC56
-0.015 -0.004 0.003 0.000 -0.005 0.004 0.001
0.002 -0.001 0.004 -0.007 0.002 0.001 -0.005
0.002 -0.007 -0.003 0.002 0.001 0.006 0.003
-0.009 -0.005 -0.003 -0.002 -0.004 0.003 -0.002
0.002 -0.008 -0.002 0.001 0.002 0.004 -0.001
0.007 -0.002 -0.005 -0.009 0.005 -0.003 0.004
-0.003 0.000 -0.002 -0.003 0.003 -0.002 0.001
0.002 -0.008 -0.003 0.000 -0.002 0.001 -0.001
0.004 0.002 -0.006 0.005 -0.002 -0.004 -0.003
-0.005 0.003 -0.005 -0.012 0.006 0.002 0.007
-0.006 -0.005 0.008 0.000 0.002 0.003 -0.008
-0.016 -0.008 -0.003 0.007 0.003 -0.004 0.001
0.002 -0.006 0.001 -0.006 0.000 0.000 0.004
-0.003 -0.004 0.001 0.003 0.001 -0.002 0.005
0.004 0.000 -0.003 -0.003 0.005 0.000 -0.001
0.002 -0.008 0.004 -0.003 0.005 -0.003 -0.003
0.007 -0.006 0.002 -0.002 -0.002 0.008 -0.004
-0.001 -0.001 -0.004 -0.001 0.006 0.001 -0.003
-0.001 -0.003 -0.003 0.000 0.002 -0.003 0.002
-0.003 -0.002 0.001 0.001 0.000 0.001 -0.004
-0.001 -0.001 0.004 0.003 0.000 -0.002 0.003
0.009 -0.007 0.012 -0.002 -0.004 0.002 0.000
0.006 -0.006 -0.004 0.004 0.001 0.003 -0.001
0.000 -0.003 0.001 0.003 -0.002 0.002 0.001
0.002 0.000 0.001 0.003 -0.002 -0.003 -0.001
-0.002 0.007 -0.004 0.000 0.002 0.000 -0.002
-0.004 -0.004 0.003 0.004 -0.001 0.003 0.000
-0.005 0.004 -0.002 0.001 0.006 0.001 0.001
-0.002 -0.001 -0.004 -0.001 -0.005 0.000 0.000
0.003 0.001 0.003 0.003 -0.001 0.005 -0.002
-0.002 -0.005 0.002 0.002 0.001 -0.003 0.003
-0.001 -0.005 -0.002 0.003 -0.006 0.004 -0.001
-0.001 0.001 0.000 -0.001 -0.001 0.006 -0.001
0.006 0.002 -0.003 0.003 0.001 -0.002 0.000
0.000 -0.002 -0.001 0.003 0.003 -0.005 0.003
0.001 -0.003 0.005 0.002 -0.004 0.005 -0.001
0.001 0.000 0.003 0.002 0.000 -0.008 0.002
-0.003 0.002 -0.003 0.006 0.005 -0.001 -0.001
-0.007 0.003 0.006 0.000 -0.005 -0.002 0.003
0.002 -0.001 -0.003 -0.002 -0.001 -0.003 -0.003
0.003 -0.005 -0.003 0.004 0.000 -0.006 0.002
-0.002 -0.002 0.001 0.002 -0.001 -0.003 -0.005
-0.002 0.004 -0.001 0.003 0.001 0.004 -0.005















































PC50 PC51 PC52 PC53 PC54 PC55 PC56
-0.001 0.000 0.001 0.006 0.001 0.003 0.001
-0.004 -0.001 0.003 0.004 -0.005 0.000 0.002
-0.001 0.001 -0.006 0.002 0.000 0.000 -0.005
0.002 0.000 0.001 0.004 0.001 -0.001 -0.001
-0.001 -0.002 0.001 0.004 -0.003 -0.002 -0.006
0.001 -0.006 -0.004 -0.003 -0.001 0.000 0.005
0.001 -0.006 0.002 0.002 -0.003 -0.001 -0.006
0.003 -0.004 0.003 -0.001 0.003 0.005 -0.003
0.004 -0.005 0.000 0.005 0.000 -0.003 0.003
-0.003 0.002 0.002 0.004 -0.004 -0.006 0.003
0.001 -0.001 0.000 0.007 -0.001 0.002 0.000
0.004 0.006 -0.004 -0.002 -0.009 0.007 0.004
-0.001 0.004 -0.001 -0.002 0.001 -0.002 -0.006
-0.001 0.002 -0.004 0.003 0.003 0.003 0.002
0.001 0.002 -0.003 -0.002 -0.001 -0.001 -0.004
0.001 0.004 -0.001 -0.005 0.000 0.002 0.001
-0.002 0.007 0.001 -0.003 0.003 0.005 0.003
0.001 -0.008 0.008 -0.004 0.004 0.004 -0.009
-0.004 0.002 -0.003 -0.007 -0.001 0.010 -0.008
-0.003 0.003 0.000 0.000 0.002 -0.004 -0.006
0.003 -0.001 -0.001 -0.002 0.000 -0.001 0.000
-0.004 -0.002 0.005 0.002 -0.001 -0.006 -0.001
0.004 0.002 0.004 0.001 0.010 0.000 -0.001
0.001 0.005 0.001 0.005 0.000 0.002 0.003
-0.003 -0.007 -0.011 0.004 -0.010 0.003 -0.003
-0.005 -0.005 -0.001 0.003 0.006 -0.003 0.003
0.003 0.003 -0.002 0.000 0.002 0.003 0.000
-0.002 -0.001 -0.001 0.001 -0.003 -0.001 -0.002
-0.007 -0.006 -0.002 -0.009 -0.005 0.005 -0.001
0.000 0.000 -0.004 -0.002 0.007 -0.007 0.005
0.002 0.000 -0.003 0.000 0.000 0.001 -0.009
0.001 -0.002 0.000 0.004 -0.002 -0.003 -0.004
0.007 0.008 0.002 0.004 0.000 0.001 -0.004
0.001 0.006 -0.003 0.004 -0.003 0.005 0.002
0.003 0.000 0.008 0.000 0.001 0.002 0.003
-0.002 0.001 0.003 0.008 -0.005 0.002 0.004
-0.001 0.000 0.000 -0.010 0.002 -0.003 -0.004
-0.001 0.002 0.003 0.000 0.000 0.002 -0.002
0.002 0.003 -0.001 -0.003 -0.004 -0.001 0.000
0.004 -0.004 0.003 0.005 0.001 0.001 0.005
-0.001 0.001 -0.005 -0.002 -0.001 -0.001 0.004
-0.008 0.002 0.004 0.003 0.002 0.001 -0.004
0.001 0.000 -0.005 0.006 0.000 -0.001 -0.001















































PC50 PC51 PC52 PC53 PC54 PC55 PC56
0.001 -0.003 -0.004 -0.007 0.003 -0.001 -0.001
0.000 -0.007 -0.001 -0.003 -0.001 -0.001 -0.002
0.005 0.007 0.002 0.002 0.000 -0.002 -0.001
0.000 -0.007 -0.002 0.001 -0.002 -0.001 -0.004
-0.001 -0.003 -0.003 0.000 0.000 0.002 0.005
-0.003 -0.004 -0.006 -0.004 -0.002 0.002 0.001
0.001 -0.004 -0.002 -0.004 0.004 0.000 -0.003
0.002 0.000 -0.002 0.006 0.003 -0.003 0.007
0.000 -0.001 0.000 0.007 0.004 0.003 0.001
0.000 -0.001 -0.003 -0.001 0.004 0.002 0.003
0.006 -0.003 0.001 -0.008 -0.003 0.003 0.003
-0.006 -0.001 0.003 0.000 0.002 -0.008 -0.003
0.000 -0.001 -0.002 -0.002 -0.002 0.000 -0.003
-0.001 0.005 0.001 -0.003 0.000 0.000 0.006
0.000 0.001 0.001 -0.003 0.000 0.001 0.003
0.002 -0.002 0.001 -0.010 0.001 -0.003 0.001
-0.001 -0.003 0.007 -0.003 -0.002 0.000 -0.005
0.001 0.003 0.000 -0.003 0.002 -0.003 0.002
0.004 0.003 0.005 0.000 0.000 0.001 0.000
-0.007 0.001 0.001 -0.003 0.001 -0.002 -0.003
-0.005 0.006 -0.001 0.004 0.005 -0.008 0.001
-0.006 -0.003 0.003 0.003 -0.006 0.004 0.005
-0.001 0.007 0.005 0.000 -0.006 -0.002 0.000
0.001 0.003 0.002 -0.003 -0.003 0.001 -0.001
0.002 -0.006 0.002 0.003 0.001 0.000 -0.004
0.003 0.001 0.003 0.005 -0.002 -0.005 0.004
0.004 0.001 0.000 -0.002 0.000 0.008 0.006
-0.003 0.003 0.006 0.001 -0.005 0.000 0.002
-0.001 0.006 -0.001 -0.001 -0.004 -0.004 0.005
0.005 -0.005 0.003 -0.002 0.005 0.000 -0.004
0.004 0.002 0.001 -0.006 0.006 -0.005 0.002
0.006 0.002 -0.003 0.000 0.004 0.007 0.000
0.003 0.001 -0.002 0.002 0.004 0.001 -0.002
-0.006 -0.001 -0.006 -0.005 0.005 0.000 -0.003
-0.004 -0.006 0.006 -0.012 0.003 -0.003 0.002
-0.006 -0.009 0.002 -0.010 0.003 -0.001 -0.002
-0.001 0.002 -0.003 -0.003 0.003 0.000 -0.004
-0.001 -0.009 -0.001 -0.008 0.010 -0.006 0.007
0.003 0.007 0.001 0.001 0.004 0.003 -0.001
0.003 0.001 -0.007 -0.001 0.000 0.006 -0.003
0.008 0.001 -0.005 0.004 0.000 -0.005 -0.003
-0.006 0.005 0.002 -0.011 0.001 -0.001 0.002
0.002 -0.002 0.003 0.001 0.001 -0.003 0.002















































PC50 PC51 PC52 PC53 PC54 PC55 PC56
-0.004 -0.002 0.000 0.002 0.002 -0.002 0.001
0.005 0.002 -0.010 0.001 -0.005 0.004 0.002
-0.004 0.000 0.002 -0.001 -0.003 0.002 -0.001
-0.006 -0.006 -0.002 -0.001 -0.001 -0.003 0.004
0.003 0.001 -0.008 0.004 0.000 0.002 0.000
0.001 0.007 0.009 -0.002 0.001 0.001 0.004
0.002 0.004 -0.002 -0.001 0.002 0.000 -0.001
-0.001 0.005 0.003 0.000 0.000 0.004 -0.004
0.005 0.003 -0.003 0.002 0.000 0.002 -0.007
0.004 0.000 0.001 0.001 0.003 0.006 0.003
0.002 -0.001 0.009 0.003 -0.002 -0.002 -0.003
-0.005 -0.008 0.000 -0.001 -0.001 0.005 0.005
0.000 -0.003 -0.004 -0.003 0.000 0.003 -0.001
0.005 -0.002 -0.005 0.000 0.002 -0.002 -0.006
0.001 -0.002 0.001 0.004 0.003 0.000 -0.002
-0.003 -0.010 -0.003 0.004 -0.005 -0.002 -0.003
0.002 -0.013 -0.005 -0.005 -0.008 -0.004 0.004
0.029 0.002 0.002 0.000 -0.012 -0.008 0.013
0.001 0.001 -0.001 0.000 -0.003 0.002 -0.001
-0.003 -0.004 0.004 -0.003 0.002 -0.002 0.003
0.001 -0.002 0.001 0.004 0.001 0.003 0.000
0.002 0.002 -0.001 0.001 -0.001 0.003 -0.005
-0.006 0.001 0.003 0.010 0.004 -0.005 -0.004
0.001 -0.009 0.001 0.003 -0.001 -0.003 0.003
0.000 -0.003 0.002 -0.002 -0.001 -0.001 -0.001
0.006 0.002 -0.003 0.001 0.002 0.007 -0.003
-0.007 0.006 0.003 -0.007 0.001 -0.008 -0.001
0.001 -0.001 0.000 -0.001 0.001 -0.003 0.003
0.000 0.003 -0.002 -0.003 0.001 -0.007 0.000
0.001 0.000 -0.003 0.000 0.001 -0.003 0.005
-0.007 0.005 -0.008 0.005 -0.001 0.002 0.004
-0.008 0.003 0.000 0.000 -0.001 -0.005 0.002
-0.004 -0.001 -0.001 0.002 -0.002 0.003 0.001
-0.004 0.001 -0.001 -0.002 -0.002 0.002 0.001
-0.001 0.001 0.008 -0.002 -0.001 -0.001 0.001
-0.008 0.002 -0.003 -0.001 0.001 -0.001 -0.003
-0.003 0.005 0.005 -0.006 0.006 0.000 0.003
-0.005 0.005 -0.004 0.002 0.000 -0.002 0.000
0.006 -0.003 -0.008 -0.001 -0.003 0.003 0.004
-0.003 0.001 0.005 -0.001 0.003 0.006 0.008
0.002 0.002 0.003 -0.002 0.003 0.000 -0.005
0.015 0.000 -0.005 -0.001 0.004 0.001 0.015
-0.009 -0.002 0.010 -0.001 0.001 -0.004 -0.003















































PC50 PC51 PC52 PC53 PC54 PC55 PC56
0.002 0.014 0.001 -0.002 0.000 -0.001 -0.003
0.004 0.007 0.006 -0.001 0.000 -0.004 -0.003
0.002 0.005 0.007 -0.005 0.001 -0.003 0.006
0.000 0.009 0.004 0.001 0.000 -0.002 0.001
-0.004 0.003 0.002 0.000 -0.002 0.001 -0.004
0.002 -0.001 -0.007 0.000 -0.003 0.002 0.004
0.003 0.000 0.000 -0.001 0.005 0.002 -0.003
-0.005 -0.005 -0.004 0.000 -0.003 -0.001 -0.002
0.005 0.002 -0.005 0.004 -0.004 -0.001 -0.001
0.003 0.003 0.003 0.002 -0.002 -0.005 0.000
-0.003 -0.007 0.004 -0.004 0.008 0.006 0.000
-0.010 -0.008 0.000 0.005 0.003 -0.005 0.007
0.003 0.002 -0.001 0.004 0.003 -0.001 -0.002
0.002 0.000 -0.002 0.003 0.001 0.005 0.004
-0.004 0.004 -0.005 0.003 -0.002 0.002 0.004
-0.003 0.003 0.000 0.002 0.004 -0.007 -0.001
0.005 -0.003 0.002 0.008 -0.002 -0.002 0.002
-0.001 -0.003 -0.002 0.000 0.005 -0.006 0.000
0.000 -0.001 0.004 0.001 0.002 0.002 0.001
-0.007 -0.005 0.004 -0.001 0.002 0.005 0.007
0.002 0.005 0.002 -0.010 -0.004 -0.003 -0.005
-0.003 0.005 -0.003 -0.001 0.000 0.005 0.001
0.006 0.006 -0.004 0.001 0.005 -0.002 -0.005
0.002 0.008 -0.001 0.006 -0.006 -0.008 0.001
-0.003 0.004 -0.005 -0.004 -0.004 0.002 0.004
0.004 0.001 0.000 -0.001 -0.001 0.000 -0.001
0.001 0.001 -0.006 0.001 -0.005 0.000 0.002
0.003 0.008 0.001 0.003 0.000 0.005 0.003
0.002 0.011 -0.001 0.000 0.002 -0.010 0.004
0.003 0.000 -0.002 0.006 0.005 0.008 -0.001
0.010 -0.004 0.004 0.003 0.007 -0.004 -0.001
0.006 0.011 0.004 -0.006 0.003 -0.001 -0.001
0.000 -0.001 0.008 -0.002 -0.004 0.004 -0.001
0.009 -0.004 0.000 -0.001 0.001 -0.001 0.008
-0.004 0.003 -0.008 0.001 -0.005 -0.002 0.001
0.006 0.006 0.000 -0.007 -0.006 -0.003 -0.005
-0.003 0.007 0.007 0.004 -0.003 0.000 0.001
0.006 0.005 -0.001 0.003 0.005 -0.007 -0.004
-0.004 0.002 0.001 -0.001 -0.006 0.003 0.001
0.001 -0.003 -0.004 0.000 0.000 0.000 -0.005
0.001 0.006 -0.001 -0.004 -0.006 -0.004 -0.002
-0.001 0.001 0.000 0.000 -0.001 -0.001 0.002
0.004 0.006 0.001 -0.001 -0.001 -0.001 0.003















































PC50 PC51 PC52 PC53 PC54 PC55 PC56
-0.006 0.003 0.000 -0.002 0.002 0.003 0.000
0.011 0.002 -0.001 -0.002 0.005 0.002 -0.004
-0.002 -0.003 -0.003 0.004 -0.002 0.005 -0.001
0.004 0.007 0.004 -0.004 -0.001 -0.004 0.005
-0.009 -0.004 -0.001 0.010 -0.007 -0.005 -0.001
0.003 -0.007 0.000 -0.002 -0.004 0.006 0.003
-0.003 0.004 0.001 0.003 0.000 0.000 -0.003
0.005 -0.002 -0.004 -0.002 0.001 -0.006 -0.004
0.009 -0.004 -0.003 -0.002 -0.003 0.005 0.002
0.005 0.001 -0.005 0.003 -0.005 -0.001 -0.001
0.009 -0.006 0.004 -0.002 0.002 0.003 0.004
-0.001 0.002 0.003 -0.005 -0.005 0.001 0.004
0.001 -0.004 0.002 -0.002 -0.006 -0.001 0.010
0.001 -0.004 0.000 0.003 -0.004 0.004 0.004
0.000 0.001 0.000 -0.001 -0.004 0.001 0.000
0.001 0.010 0.002 0.003 0.003 -0.004 0.001
0.010 -0.001 0.008 0.001 0.007 0.000 0.002
0.010 0.007 0.005 0.001 0.006 -0.001 -0.002
0.000 0.000 0.001 -0.001 -0.003 0.005 0.007
0.004 0.006 -0.006 -0.004 0.004 0.003 0.009
0.004 0.000 -0.002 0.001 -0.002 -0.006 -0.001
-0.004 -0.001 -0.003 0.001 -0.011 -0.001 -0.006
-0.002 -0.001 0.006 -0.001 -0.006 -0.003 -0.007
-0.005 -0.003 0.004 0.001 0.000 -0.002 -0.002
-0.005 0.001 0.004 0.005 -0.002 0.001 0.000
-0.001 -0.003 -0.002 -0.004 -0.003 0.002 -0.002
0.002 -0.001 0.001 0.002 -0.006 0.000 -0.004
0.005 0.001 0.010 0.003 0.000 0.010 0.003
-0.001 -0.006 0.005 0.002 0.000 -0.001 0.003
-0.005 0.004 0.001 0.000 -0.004 0.003 0.004
-0.001 0.003 0.006 0.003 -0.006 0.002 -0.005
-0.006 -0.005 -0.002 -0.003 -0.002 -0.004 -0.001
-0.002 -0.001 0.003 -0.001 -0.003 -0.001 -0.003
0.002 0.002 0.004 0.001 -0.005 0.000 -0.005
-0.002 -0.003 0.002 0.000 0.000 0.002 -0.003
-0.001 -0.001 0.002 0.003 0.005 -0.001 -0.001
-0.003 0.000 0.006 -0.002 0.003 -0.001 -0.002
-0.005 0.005 -0.003 -0.001 -0.002 0.001 0.003
-0.001 -0.008 0.003 -0.001 -0.001 -0.003 -0.005
0.001 -0.004 0.011 0.001 0.005 -0.004 0.000
-0.006 0.003 -0.005 0.004 0.005 -0.001 -0.001
0.003 0.001 0.004 -0.003 0.009 0.008 0.001
0.004 -0.003 -0.001 -0.002 0.002 0.003 -0.001















































PC50 PC51 PC52 PC53 PC54 PC55 PC56
-0.004 0.000 0.002 0.001 0.002 0.008 0.002
-0.004 0.005 0.006 -0.009 -0.003 -0.004 0.000
-0.002 -0.002 -0.006 0.000 0.003 -0.001 -0.002
0.002 -0.006 -0.007 0.000 -0.001 -0.003 0.006
-0.006 -0.002 -0.003 0.000 0.003 0.004 0.000
-0.006 -0.003 -0.005 0.001 0.004 0.006 0.003
-0.005 -0.005 0.000 0.001 -0.002 0.005 0.003
-0.006 0.002 0.007 -0.002 0.001 0.002 0.001
-0.003 0.001 0.004 0.002 0.003 -0.003 -0.001
-0.003 0.004 -0.004 -0.003 0.002 -0.002 0.008
-0.008 0.001 -0.004 -0.005 0.003 0.001 -0.003
-0.005 -0.002 -0.004 0.001 -0.001 -0.008 0.001
-0.003 0.001 -0.004 0.001 -0.001 0.003 -0.006
0.005 0.003 0.000 0.004 0.004 0.002 -0.006
0.009 -0.004 -0.002 -0.004 -0.003 0.002 -0.005
0.002 -0.005 -0.005 -0.005 0.001 -0.001 0.003
0.004 0.000 -0.003 0.004 0.004 -0.003 -0.008
0.002 0.003 -0.001 -0.005 0.001 -0.007 0.002
0.000 0.003 -0.005 -0.004 -0.002 0.001 -0.006
0.004 0.001 -0.004 0.002 0.001 0.000 -0.001
-0.003 0.006 -0.001 0.006 0.005 -0.002 0.003
-0.003 0.003 0.000 -0.001 -0.002 0.011 -0.004
0.000 0.001 0.001 0.001 0.006 -0.006 -0.001
0.005 0.007 0.009 0.000 0.010 0.000 -0.004
0.002 0.002 -0.003 -0.003 0.007 -0.002 -0.002
0.003 0.005 0.003 0.003 0.004 0.003 -0.003
0.001 0.007 0.001 0.004 -0.001 -0.001 0.000
-0.005 0.003 0.001 -0.003 0.001 0.011 0.000
-0.002 0.003 0.006 -0.002 0.004 0.000 0.003
0.002 -0.003 -0.001 0.005 0.002 0.006 -0.002
-0.006 0.003 -0.005 -0.001 -0.002 -0.002 0.004
0.002 -0.005 0.000 0.003 -0.003 -0.003 0.000
0.000 -0.003 0.006 0.004 -0.001 -0.002 -0.003
0.003 -0.004 0.002 -0.005 0.001 0.001 -0.004
-0.002 -0.006 0.007 0.009 -0.002 -0.004 -0.004
0.003 0.001 -0.001 0.003 0.001 0.000 0.001
0.001 -0.003 0.004 -0.002 -0.002 0.000 -0.008
0.004 -0.009 0.002 0.006 -0.005 -0.001 0.001
-0.004 -0.001 0.000 0.003 0.000 -0.001 0.001
0.001 0.002 -0.003 -0.002 -0.002 -0.001 0.001
0.005 -0.001 -0.005 -0.001 -0.002 -0.006 -0.004
-0.006 0.002 0.006 0.004 -0.002 -0.007 -0.002
-0.004 0.008 -0.004 -0.004 -0.001 0.000 -0.004















































PC50 PC51 PC52 PC53 PC54 PC55 PC56
0.006 0.003 -0.007 -0.003 -0.008 -0.001 0.000
-0.001 -0.002 0.001 0.005 -0.001 -0.002 0.000
0.004 0.006 0.000 0.010 -0.002 -0.004 0.003
-0.002 0.004 -0.006 0.002 -0.002 0.004 0.000
0.001 -0.001 0.000 -0.003 -0.008 0.000 -0.002
0.001 0.003 0.000 0.002 0.003 0.003 0.005
-0.002 -0.002 0.005 0.001 0.001 0.000 0.003
0.003 -0.005 -0.002 0.004 -0.002 0.003 -0.006
-0.004 0.003 -0.002 0.002 0.003 0.004 -0.001
-0.006 0.000 0.002 -0.006 0.000 -0.001 0.000
-0.002 0.007 0.003 -0.004 0.001 0.003 0.000
0.001 0.002 0.002 -0.001 0.004 0.006 0.002
0.008 -0.005 0.000 0.001 -0.001 0.005 0.002
0.004 0.001 0.004 0.005 -0.002 0.003 -0.001
0.002 0.001 -0.007 0.002 0.001 -0.002 0.001
0.005 -0.010 -0.006 0.007 -0.002 0.000 0.004
-0.001 0.007 0.007 0.006 0.002 -0.004 -0.005
0.005 -0.007 -0.008 -0.001 0.002 0.000 -0.001
-0.007 0.000 0.005 0.011 0.002 -0.009 -0.001
-0.006 0.002 0.002 0.003 0.003 -0.008 0.000
-0.004 0.003 0.006 -0.004 -0.001 0.000 -0.001
-0.003 0.002 0.006 0.002 -0.003 0.001 0.001
-0.007 -0.004 -0.003 -0.007 0.000 0.003 0.001
0.004 -0.001 -0.008 -0.003 -0.005 -0.005 -0.004
-0.004 0.003 -0.004 0.006 -0.002 0.001 -0.001
-0.001 -0.004 0.003 -0.003 -0.003 -0.001 0.003
0.006 -0.007 -0.003 0.000 -0.002 0.000 0.000
-0.002 -0.001 -0.006 -0.004 0.000 0.000 0.001
0.005 -0.002 0.000 -0.002 0.005 0.003 0.003
0.003 -0.007 0.000 -0.002 0.002 0.000 0.002
-0.002 -0.003 0.001 -0.004 0.004 -0.005 -0.002
-0.002 0.004 -0.002 -0.009 0.000 -0.002 0.003
-0.007 0.000 -0.004 -0.005 0.002 0.000 -0.003
0.006 0.007 -0.005 0.005 -0.003 0.008 -0.004
0.003 0.004 -0.003 -0.005 -0.005 0.001 0.002
0.002 -0.004 -0.006 0.000 0.003 0.010 -0.010
-0.001 -0.001 0.001 0.003 0.010 0.006 -0.003
-0.005 0.005 -0.003 -0.001 -0.002 0.002 0.001
0.000 0.006 0.001 0.002 -0.004 0.003 -0.001
-0.004 -0.007 0.003 -0.007 0.004 -0.002 0.002
-0.001 0.001 0.000 0.002 0.003 0.003 -0.003
-0.003 0.004 -0.005 -0.009 -0.001 -0.007 -0.002
-0.005 0.003 0.000 0.000 -0.005 0.002 0.003















































PC50 PC51 PC52 PC53 PC54 PC55 PC56
-0.001 -0.006 -0.002 0.001 0.009 -0.006 0.004
-0.004 -0.001 -0.004 -0.004 0.001 -0.003 -0.003
0.002 -0.001 -0.001 0.006 0.006 -0.004 0.003
-0.010 0.001 -0.009 0.000 0.007 -0.001 0.005
0.000 -0.001 -0.005 0.008 0.001 -0.003 0.001
0.003 -0.001 0.002 -0.009 0.001 0.003 0.003
-0.003 0.012 -0.002 0.001 0.007 0.000 0.002
0.007 0.005 0.009 0.008 -0.005 -0.007 -0.005
0.009 0.001 0.002 0.003 0.001 0.003 -0.003
-0.003 0.003 0.000 -0.006 0.005 -0.005 -0.001
-0.001 0.005 0.008 -0.005 0.003 0.012 -0.001
0.003 0.002 -0.007 -0.002 -0.005 -0.001 -0.001
0.002 0.003 0.007 0.000 0.004 -0.003 0.005
-0.011 -0.007 0.011 0.000 -0.005 -0.002 -0.001
-0.001 -0.010 0.006 -0.001 -0.005 0.002 -0.001
-0.003 -0.001 0.001 0.001 -0.007 -0.002 0.004
-0.004 -0.006 -0.002 0.006 0.003 -0.004 -0.002
-0.002 -0.002 -0.004 0.000 -0.001 -0.004 0.000
0.005 -0.010 -0.003 -0.003 0.011 0.002 -0.001
0.019 -0.012 0.002 0.001 0.005 0.000 -0.009
-0.004 0.005 -0.005 -0.008 0.005 0.005 -0.003
-0.002 -0.002 -0.006 0.001 -0.003 0.011 0.003
-0.001 0.001 -0.001 0.002 0.004 -0.006 0.003
-0.003 0.001 -0.013 0.000 -0.009 -0.001 -0.004
0.006 0.001 0.003 0.000 -0.011 -0.007 0.002
-0.003 0.003 0.001 0.007 0.007 -0.005 -0.002
-0.005 -0.003 0.005 0.006 -0.001 0.002 0.010
-0.007 0.004 -0.001 0.006 0.004 0.001 0.003
0.000 -0.006 -0.001 -0.009 0.002 0.006 -0.006
0.000 0.004 0.001 0.001 0.005 -0.006 0.003
0.000 -0.003 -0.004 0.002 0.005 -0.003 -0.002
0.001 0.005 -0.008 0.001 0.006 -0.007 0.004
0.002 -0.003 0.004 0.004 0.001 -0.006 -0.006
-0.004 0.000 0.014 -0.002 -0.002 0.003 0.007
-0.001 -0.002 0.010 0.003 -0.003 0.006 0.000
-0.010 0.007 -0.007 0.003 0.002 0.004 -0.003
0.007 -0.004 -0.003 0.008 0.008 0.000 0.001
0.011 0.007 0.005 -0.005 0.001 0.006 0.005
-0.003 0.000 -0.002 -0.005 0.003 -0.002 -0.002
-0.001 0.006 0.001 0.001 -0.003 0.003 0.002
0.002 0.001 -0.001 0.000 -0.010 0.005 -0.001
0.002 -0.003 0.004 -0.008 0.001 0.000 -0.001
-0.003 -0.001 0.002 0.015 0.007 0.004 -0.002






































PC50 PC51 PC52 PC53 PC54 PC55 PC56
-0.007 0.003 0.003 -0.014 -0.001 -0.001 -0.004
-0.003 -0.001 -0.003 -0.003 -0.005 0.002 0.006
0.001 0.008 0.000 -0.004 -0.004 0.002 0.013
0.001 0.007 -0.004 0.007 0.002 0.004 -0.003
0.006 0.000 -0.006 0.004 -0.003 0.003 0.005
-0.009 0.001 0.000 0.001 -0.003 0.000 -0.005
0.001 -0.008 -0.005 0.000 -0.002 -0.002 0.001
0.003 -0.005 0.002 -0.003 0.000 0.002 -0.003
0.000 -0.007 -0.001 0.006 0.002 -0.001 0.000
-0.004 0.009 -0.011 -0.001 -0.003 -0.005 -0.003
0.004 0.007 0.010 0.002 0.000 0.004 -0.002
-0.007 0.001 -0.003 -0.001 0.002 0.004 -0.006
-0.001 -0.001 0.001 -0.008 -0.002 -0.002 -0.006
-0.004 0.002 0.001 0.002 0.002 0.002 0.002
0.003 -0.008 -0.004 -0.001 0.006 -0.001 -0.005
0.005 -0.005 0.007 -0.007 0.003 0.003 -0.002
0.003 -0.006 -0.003 -0.003 -0.003 -0.001 0.005
0.003 0.004 -0.002 0.003 0.000 -0.002 0.000
-0.008 -0.009 0.005 -0.007 0.006 -0.002 0.012
-0.005 0.000 0.002 0.008 -0.008 0.004 0.005
-0.001 0.003 -0.001 0.009 0.004 0.003 -0.001
-0.005 -0.004 0.002 0.000 -0.002 -0.001 -0.003
0.004 -0.006 -0.010 0.002 -0.004 -0.004 -0.003
0.003 -0.002 0.003 -0.003 0.002 -0.001 0.000
-0.008 -0.001 -0.007 -0.004 0.001 -0.004 -0.005
0.005 0.005 0.003 -0.008 -0.009 -0.011 0.006
-0.001 0.011 0.007 0.001 -0.007 -0.001 -0.006
0.002 -0.002 0.003 0.003 -0.006 -0.007 0.004
0.001 -0.003 0.002 -0.003 -0.006 -0.002 0.001
0.016 -0.004 0.002 0.002 0.009 -0.001 0.001
0.003 0.008 0.000 -0.003 -0.003 0.002 -0.005
0.006 -0.001 0.008 -0.006 -0.022 0.001 -0.004
0.001 0.000 -0.001 0.010 -0.003 0.007 0.004
-0.003 0.005 -0.015 -0.001 0.004 -0.004 0.007















































PC57 PC58 PC59 PC60 PC61 PC62 PC63
0.005 0.000 -0.002 -0.001 -0.005 0.001 -0.001
0.005 0.002 0.000 0.001 -0.007 0.006 -0.010
-0.005 0.002 -0.009 0.001 0.000 0.003 -0.002
0.001 -0.002 0.003 -0.003 -0.004 0.001 -0.003
-0.004 -0.005 -0.001 0.002 -0.004 0.001 0.001
0.004 -0.006 -0.004 0.003 0.002 0.002 -0.003
0.002 0.007 0.000 -0.004 0.001 0.004 0.003
0.003 -0.002 -0.001 0.004 -0.003 -0.001 0.004
-0.003 0.003 -0.002 0.006 0.003 0.000 0.003
-0.002 -0.007 -0.007 -0.003 -0.001 -0.001 0.000
-0.006 0.001 -0.007 0.001 -0.004 0.000 0.001
0.003 0.004 0.002 0.001 -0.002 0.001 -0.002
0.000 0.006 0.004 0.001 0.002 0.001 0.004
-0.003 0.001 0.003 -0.002 0.001 -0.001 0.001
0.001 0.000 -0.001 0.000 0.004 0.000 0.001
0.001 0.000 -0.001 0.002 -0.001 0.000 0.002
0.000 0.000 0.002 -0.001 0.002 -0.004 0.003
-0.006 0.009 -0.002 0.000 -0.003 0.005 0.000
0.000 0.000 -0.002 0.010 0.000 -0.006 -0.002
-0.004 -0.003 -0.004 0.002 0.001 -0.002 -0.004
-0.003 -0.002 0.001 0.002 -0.002 0.000 -0.004
-0.001 -0.002 -0.004 0.002 0.006 0.002 0.001
0.004 -0.002 -0.001 0.002 0.000 -0.004 -0.003
0.002 -0.001 -0.002 0.001 0.003 0.000 -0.002
-0.001 -0.001 -0.005 -0.002 -0.003 0.003 -0.001
-0.004 0.001 0.000 0.002 -0.002 0.001 0.000
0.000 0.000 0.001 0.001 0.004 0.000 0.000
-0.001 0.000 0.003 0.004 -0.003 -0.004 0.001
-0.001 0.006 -0.002 0.007 -0.001 -0.001 0.001
-0.002 0.003 -0.001 0.000 -0.001 0.005 0.001
0.000 0.000 -0.001 -0.002 -0.004 0.005 0.004
-0.003 0.000 -0.001 0.003 -0.001 -0.003 -0.002
0.003 -0.001 -0.002 -0.002 0.002 0.003 -0.003
0.004 0.002 0.000 -0.004 0.000 -0.004 0.002
-0.006 0.000 -0.006 0.001 -0.001 -0.003 0.000
0.004 0.002 -0.005 0.001 -0.003 0.004 0.003
0.003 0.000 -0.004 -0.001 -0.003 -0.002 0.001
0.005 -0.001 -0.002 0.000 0.001 -0.001 0.006
0.003 0.004 -0.004 -0.001 -0.002 0.000 0.002
0.005 0.006 0.005 0.001 -0.006 -0.002 0.001
-0.004 -0.001 0.004 0.004 -0.001 -0.001 -0.002
0.003 -0.001 0.000 -0.002 0.003 -0.002 0.000
-0.002 0.000 -0.001 0.003 -0.003 0.003 0.003















































PC57 PC58 PC59 PC60 PC61 PC62 PC63
-0.001 -0.003 -0.002 0.002 -0.001 -0.003 -0.003
0.006 -0.001 -0.003 -0.002 -0.002 -0.003 -0.001
-0.004 -0.003 0.005 0.000 0.000 0.002 0.002
0.001 0.006 -0.003 -0.003 -0.002 0.001 0.002
0.000 0.008 0.003 -0.002 -0.002 0.002 -0.002
-0.007 -0.001 0.003 -0.003 0.002 0.002 -0.002
0.003 0.003 0.004 0.000 -0.001 0.000 -0.001
-0.003 0.003 -0.003 0.002 0.002 0.001 -0.004
0.000 0.001 0.001 0.004 0.000 0.003 -0.003
0.005 0.001 -0.003 0.002 -0.003 0.000 -0.002
0.000 -0.003 -0.003 -0.001 -0.003 0.002 -0.003
0.005 0.000 0.001 0.002 -0.001 0.000 0.000
0.002 0.002 0.002 0.001 -0.002 -0.001 -0.003
-0.004 -0.001 -0.002 -0.002 0.004 0.003 0.003
-0.002 -0.001 -0.001 0.002 0.000 0.005 0.000
0.001 0.001 -0.001 -0.003 0.004 -0.002 -0.001
0.003 0.006 -0.007 0.003 0.001 -0.001 0.000
0.005 -0.001 0.001 -0.001 0.007 -0.003 -0.001
-0.001 -0.002 -0.005 0.006 -0.001 0.002 0.006
0.001 -0.002 -0.002 0.002 -0.002 0.000 0.003
-0.002 0.002 0.001 -0.002 -0.001 0.002 -0.001
0.000 -0.003 0.003 0.001 0.000 -0.002 -0.002
-0.001 0.000 0.000 0.002 0.000 -0.003 0.000
0.003 -0.001 0.004 0.002 -0.001 0.006 0.003
-0.003 0.001 -0.005 0.000 -0.003 0.002 0.001
-0.001 -0.002 0.003 0.004 -0.002 0.000 0.002
0.002 0.005 -0.004 0.001 0.001 -0.002 -0.001
-0.005 -0.005 -0.006 0.002 0.006 -0.005 0.003
-0.006 0.004 0.000 -0.002 0.002 -0.001 -0.002
-0.006 0.001 0.002 0.004 0.003 -0.003 0.003
0.000 -0.007 0.004 0.000 -0.003 -0.001 0.003
0.002 0.006 0.000 0.005 0.002 0.003 0.001
-0.002 -0.004 -0.002 -0.003 -0.004 0.002 -0.003
-0.005 -0.001 0.001 -0.002 0.004 -0.002 -0.002
-0.001 0.004 0.002 0.001 0.001 0.002 -0.001
-0.006 -0.001 0.000 -0.006 0.002 0.001 0.002
0.001 -0.002 -0.002 -0.004 -0.001 -0.002 0.001
0.004 0.002 -0.001 0.005 0.003 0.001 -0.004
-0.004 0.000 -0.003 0.003 -0.001 -0.002 0.003
0.000 -0.004 0.005 -0.002 -0.001 -0.001 0.002
-0.003 -0.003 0.002 0.004 0.000 0.002 0.003
-0.006 -0.001 -0.002 -0.002 -0.001 0.002 0.000
-0.002 0.000 -0.003 -0.003 0.001 0.001 0.002















































PC57 PC58 PC59 PC60 PC61 PC62 PC63
-0.002 -0.009 0.001 -0.002 0.004 -0.001 0.005
0.000 0.003 0.004 -0.001 0.005 0.000 0.003
0.002 -0.003 0.005 -0.001 0.000 0.003 0.000
0.001 -0.001 0.003 0.000 -0.001 0.003 0.000
-0.003 -0.001 0.001 -0.009 -0.001 0.001 -0.002
0.001 -0.002 0.005 -0.002 0.000 0.003 -0.003
-0.003 0.004 0.006 -0.004 0.002 0.002 -0.003
0.009 -0.003 0.000 -0.001 0.001 0.000 -0.003
0.000 -0.006 0.000 -0.001 -0.002 0.005 -0.001
0.004 0.004 -0.004 0.002 -0.002 -0.003 -0.008
0.002 0.006 -0.002 -0.001 -0.001 -0.003 0.001
0.002 -0.004 -0.004 -0.002 0.003 -0.002 0.001
0.004 -0.004 -0.001 -0.004 0.002 0.001 0.001
0.002 -0.002 0.003 0.006 0.004 0.001 0.002
0.003 0.000 0.001 0.001 -0.001 0.004 -0.002
-0.001 -0.002 0.000 0.003 0.005 0.000 0.000
-0.001 0.000 0.003 -0.003 0.000 -0.003 0.004
-0.001 -0.004 -0.001 0.001 0.001 -0.002 0.001
0.002 -0.007 0.000 0.002 -0.001 0.000 0.000
-0.001 0.000 0.006 -0.002 -0.001 0.002 -0.001
0.000 -0.004 0.001 -0.001 0.000 -0.003 0.001
0.003 0.000 0.006 0.001 0.002 0.000 -0.001
0.003 0.010 0.001 0.002 0.000 0.003 -0.003
-0.006 0.005 0.002 -0.002 0.002 -0.001 0.002
-0.002 0.009 0.000 0.000 -0.001 0.002 -0.004
-0.004 -0.001 0.004 -0.001 -0.004 0.001 0.000
-0.003 0.007 0.003 0.000 0.000 -0.003 0.000
0.002 0.006 -0.001 0.002 0.002 0.001 -0.002
0.006 -0.001 0.008 -0.002 0.001 -0.001 0.003
-0.001 0.002 -0.001 -0.002 0.003 0.000 -0.003
-0.004 -0.003 0.003 -0.002 -0.005 -0.006 0.003
0.000 0.005 0.000 -0.005 -0.001 -0.002 -0.001
-0.007 -0.001 0.000 -0.006 0.004 0.005 0.005
0.003 0.004 0.007 -0.003 0.006 -0.002 0.000
-0.004 -0.003 0.001 0.005 -0.002 0.002 -0.001
-0.002 -0.003 0.002 -0.002 -0.005 0.002 -0.002
0.005 -0.002 0.004 -0.001 -0.001 0.002 -0.001
0.001 -0.005 -0.003 0.005 -0.001 -0.001 -0.001
0.000 -0.001 0.002 -0.004 -0.001 -0.001 0.000
-0.002 0.002 0.002 0.001 0.000 0.000 0.001
0.005 -0.006 -0.007 0.000 0.003 0.006 0.000
0.000 -0.009 0.006 0.005 0.002 -0.002 -0.005
0.004 -0.006 0.003 0.000 0.000 0.001 -0.001















































PC57 PC58 PC59 PC60 PC61 PC62 PC63
0.000 0.001 -0.001 0.001 -0.003 -0.004 0.002
0.005 -0.003 0.001 0.000 -0.005 -0.003 -0.002
-0.003 -0.002 0.001 0.001 0.003 -0.002 -0.003
0.008 -0.002 0.002 0.005 0.001 0.004 0.003
0.001 0.000 -0.003 0.004 0.005 0.006 -0.003
0.000 -0.001 -0.001 0.000 -0.001 -0.005 0.001
-0.002 0.000 -0.005 -0.005 0.002 -0.002 0.001
0.004 0.004 -0.002 0.002 -0.005 -0.002 0.002
0.006 -0.004 0.000 -0.002 0.001 0.000 -0.003
0.000 0.000 0.002 -0.003 0.000 0.001 0.002
-0.005 0.002 -0.001 0.004 -0.001 0.003 0.000
0.002 0.002 -0.001 -0.005 -0.002 -0.001 0.000
-0.003 0.007 -0.002 -0.001 -0.002 0.001 -0.001
0.004 0.002 0.003 0.000 0.002 -0.003 0.002
0.005 -0.005 0.002 0.001 0.001 0.000 0.000
0.001 0.000 0.000 0.005 -0.003 -0.004 -0.002
0.002 -0.004 0.001 0.001 0.005 -0.007 -0.002
-0.001 0.010 -0.004 0.002 -0.003 0.002 0.002
0.003 0.001 -0.001 0.001 0.002 0.000 0.001
0.000 0.002 0.002 0.002 0.001 -0.004 -0.002
0.001 0.004 0.001 -0.004 0.004 0.004 0.000
0.007 -0.005 0.003 -0.001 0.002 0.001 -0.001
-0.006 -0.005 -0.004 0.006 0.005 -0.003 -0.004
-0.004 -0.002 -0.002 0.002 -0.005 0.002 0.001
-0.002 -0.001 0.001 -0.004 -0.001 0.001 -0.003
-0.002 0.002 0.003 -0.006 -0.003 -0.002 0.002
0.000 0.004 0.001 -0.003 -0.001 0.003 -0.001
-0.003 -0.005 0.000 0.005 -0.001 -0.001 0.000
-0.003 0.006 0.000 0.002 0.002 0.003 -0.001
-0.001 -0.004 -0.001 0.000 -0.002 -0.007 -0.005
0.000 0.000 -0.005 0.000 -0.006 -0.003 0.001
0.003 -0.005 -0.001 -0.001 0.000 -0.007 -0.001
-0.004 0.001 0.005 0.002 -0.001 0.001 -0.002
-0.002 -0.001 0.005 0.001 0.000 -0.001 0.004
0.004 -0.001 0.006 -0.002 -0.004 -0.007 -0.004
0.003 0.012 0.003 0.003 -0.003 0.000 0.003
-0.007 0.000 0.002 0.002 0.003 -0.001 -0.004
-0.004 0.000 -0.002 0.004 0.000 0.003 0.000
-0.001 0.000 -0.003 0.002 -0.005 0.001 0.001
0.002 -0.004 -0.006 -0.001 0.001 -0.004 -0.002
0.002 -0.003 0.000 0.006 0.002 -0.003 0.007
0.004 -0.003 0.003 -0.002 0.006 0.009 -0.008
0.005 -0.006 -0.002 -0.003 -0.001 0.002 0.004















































PC57 PC58 PC59 PC60 PC61 PC62 PC63
0.001 0.001 -0.003 -0.005 0.000 -0.002 0.000
-0.001 -0.001 0.005 -0.005 -0.003 0.001 -0.001
-0.002 0.002 -0.003 -0.004 -0.005 -0.004 0.000
0.000 -0.002 0.005 -0.002 -0.003 0.005 0.000
0.003 -0.002 -0.007 -0.005 0.002 -0.002 -0.001
-0.006 0.000 -0.004 0.002 -0.004 0.004 0.001
0.000 0.001 0.005 -0.001 -0.001 0.004 -0.001
-0.001 0.006 0.000 0.000 0.001 0.002 0.001
-0.001 0.002 -0.003 0.005 -0.001 -0.001 -0.002
0.000 0.001 -0.005 0.000 0.001 -0.005 0.002
0.005 0.001 -0.002 -0.001 0.000 0.001 -0.003
-0.002 0.001 0.004 0.001 0.001 -0.004 0.000
0.002 -0.002 -0.003 0.001 0.000 0.001 0.001
-0.004 -0.001 -0.001 0.000 0.003 0.002 -0.001
-0.001 -0.002 -0.005 0.000 -0.001 0.003 -0.003
-0.003 0.005 -0.003 0.001 0.001 -0.002 0.002
0.002 -0.001 0.001 0.000 0.000 0.000 -0.001
0.000 0.003 -0.002 -0.001 0.000 -0.005 0.002
-0.001 0.003 0.005 0.000 -0.001 0.002 0.002
-0.004 -0.003 0.002 -0.001 0.004 -0.005 -0.002
-0.001 -0.003 -0.004 0.001 0.000 -0.008 -0.001
0.005 0.005 0.006 -0.002 0.002 -0.002 -0.003
0.006 0.001 -0.006 0.002 0.001 -0.004 -0.001
0.000 0.000 -0.006 -0.001 -0.001 -0.001 0.001
0.000 0.002 -0.001 0.001 0.000 0.005 0.003
-0.004 -0.004 0.002 0.000 -0.002 0.000 0.000
0.001 0.004 0.002 0.005 0.003 -0.001 -0.004
-0.002 -0.003 0.002 -0.003 0.003 -0.001 0.000
-0.006 -0.001 -0.004 -0.004 -0.002 0.001 0.000
0.001 -0.001 -0.003 0.002 -0.003 -0.001 0.000
0.004 0.001 0.002 -0.003 -0.003 0.001 0.000
-0.002 0.000 0.002 -0.003 0.000 0.000 -0.002
-0.001 -0.005 0.003 -0.001 0.003 0.002 -0.001
-0.003 0.002 -0.002 0.000 0.007 -0.002 0.003
0.002 0.000 -0.002 0.003 -0.001 -0.004 0.001
0.002 -0.003 -0.003 0.003 -0.001 0.003 0.003
0.000 0.002 0.000 -0.007 0.002 0.002 -0.003
-0.005 0.004 -0.001 0.000 -0.001 0.004 0.000
-0.001 0.000 -0.001 0.001 0.000 0.002 -0.004
0.003 0.004 0.001 -0.001 0.003 -0.001 0.001
-0.005 -0.003 0.003 -0.004 0.004 0.003 0.001
0.005 -0.002 0.001 -0.006 -0.001 0.004 0.003
-0.006 -0.001 -0.005 -0.001 0.005 -0.003 -0.002















































PC57 PC58 PC59 PC60 PC61 PC62 PC63
-0.002 0.000 0.000 0.011 -0.003 0.001 -0.002
0.001 -0.004 0.001 -0.005 0.000 0.005 -0.002
0.006 -0.004 0.008 0.002 0.001 -0.003 0.000
0.000 0.002 0.000 -0.002 0.004 -0.003 0.002
-0.009 -0.008 -0.003 -0.008 0.013 0.002 0.009
0.002 -0.003 0.003 -0.001 -0.003 0.001 0.003
-0.001 -0.002 0.004 0.005 -0.005 -0.001 -0.005
0.004 0.000 0.000 0.002 -0.001 -0.001 -0.001
0.003 -0.005 -0.002 -0.003 -0.003 -0.002 0.002
0.000 -0.003 0.001 -0.003 0.001 0.001 0.000
-0.003 0.001 0.005 0.000 -0.001 0.003 0.002
0.005 0.006 -0.003 -0.003 -0.005 -0.004 0.000
-0.002 0.002 -0.002 0.003 -0.004 -0.002 0.005
-0.001 -0.003 0.001 0.000 0.003 0.000 0.004
0.000 -0.003 0.002 0.001 -0.001 0.000 -0.003
0.002 -0.005 0.002 -0.002 -0.002 -0.003 -0.001
0.002 0.000 0.003 -0.001 -0.003 -0.001 -0.001
0.003 -0.003 -0.005 0.004 -0.001 -0.003 0.002
0.004 -0.004 0.010 -0.001 -0.001 -0.002 0.002
0.005 0.008 0.003 0.001 0.003 -0.001 0.004
-0.002 0.005 0.002 0.000 0.000 0.000 -0.003
0.004 0.002 0.000 -0.005 -0.004 0.001 -0.002
0.009 0.000 -0.003 -0.002 0.006 0.002 -0.001
0.003 0.001 -0.001 -0.002 0.000 0.004 0.000
0.004 0.000 0.002 -0.001 0.004 -0.001 0.002
0.006 -0.005 0.000 -0.002 -0.003 0.001 0.001
-0.006 0.000 0.001 0.000 -0.001 -0.003 -0.003
0.000 -0.001 -0.001 0.004 -0.006 -0.003 0.004
0.000 -0.009 0.002 0.005 -0.005 0.002 0.005
-0.001 0.002 -0.002 0.001 -0.001 0.001 0.005
-0.011 0.000 0.002 -0.002 -0.003 0.000 -0.002
-0.001 0.004 -0.001 -0.001 0.003 0.000 0.001
0.001 0.001 -0.003 -0.001 0.002 0.002 -0.002
-0.003 -0.005 0.008 0.002 -0.001 -0.003 0.001
0.001 -0.001 0.001 0.000 0.000 0.002 0.001
0.001 0.000 -0.004 0.003 0.003 -0.004 0.001
-0.001 0.000 0.005 0.002 -0.005 -0.001 0.002
-0.001 0.001 -0.003 0.002 0.003 0.005 -0.003
-0.002 0.004 0.000 -0.004 0.002 0.001 0.000
0.000 0.004 -0.001 0.000 0.004 -0.002 0.000
-0.001 0.001 -0.002 0.008 0.008 -0.003 -0.002
0.002 0.003 -0.002 -0.002 0.002 0.002 0.002
-0.002 0.000 0.000 0.003 0.001 -0.002 -0.003















































PC57 PC58 PC59 PC60 PC61 PC62 PC63
0.001 -0.004 0.001 -0.001 -0.002 -0.004 0.002
-0.002 -0.003 -0.002 -0.002 -0.001 0.002 -0.001
-0.001 0.001 0.003 -0.001 0.001 -0.004 0.004
-0.005 0.003 0.001 0.004 0.002 0.000 -0.004
0.000 0.003 -0.002 -0.001 -0.003 0.001 -0.001
0.007 -0.005 0.001 -0.002 -0.003 0.004 0.001
0.000 0.002 -0.001 -0.001 -0.001 0.000 -0.001
0.000 0.001 0.002 -0.003 0.000 -0.001 0.000
-0.002 0.000 0.001 0.004 -0.001 0.001 0.001
-0.004 0.002 -0.002 0.000 -0.001 0.001 0.001
-0.002 0.003 0.000 -0.003 0.000 -0.001 -0.002
0.003 0.005 -0.002 -0.002 0.000 -0.002 0.002
0.001 0.003 0.003 -0.009 -0.003 0.003 -0.002
-0.001 0.000 -0.004 -0.001 -0.001 -0.002 -0.002
0.002 -0.006 -0.001 0.003 0.002 0.001 0.006
-0.001 -0.004 -0.005 -0.007 0.001 0.001 -0.002
0.000 0.006 -0.005 0.001 0.000 0.001 0.003
-0.004 0.000 -0.003 0.006 -0.001 -0.001 0.001
-0.002 0.000 0.003 -0.003 0.003 0.000 -0.001
-0.001 -0.001 0.001 -0.004 0.005 0.002 -0.003
-0.010 0.001 0.004 0.002 -0.004 0.005 -0.001
0.003 0.001 0.002 0.000 0.000 0.003 0.001
-0.004 0.001 0.001 0.000 0.000 0.002 -0.003
-0.002 0.002 0.005 -0.003 0.000 -0.003 0.000
0.000 -0.005 0.000 0.000 0.003 0.000 -0.002
-0.001 -0.001 0.006 0.000 0.002 -0.003 0.004
0.002 0.001 -0.001 -0.001 0.001 -0.003 0.002
0.001 -0.005 0.003 -0.004 0.000 -0.002 -0.001
0.003 -0.002 0.000 -0.004 0.002 0.007 -0.002
-0.004 0.004 0.003 0.001 0.001 -0.001 -0.002
-0.003 -0.001 0.004 0.004 -0.002 0.003 -0.003
0.000 0.003 -0.002 0.001 -0.002 0.001 0.002
-0.003 0.002 -0.003 0.001 0.002 0.000 -0.001
0.004 -0.002 -0.004 0.005 -0.001 0.000 0.004
0.000 -0.001 0.000 0.004 0.003 -0.001 -0.003
-0.007 0.003 0.005 0.001 0.002 0.007 0.000
0.002 0.002 0.003 0.002 0.012 0.003 -0.003
-0.003 0.000 -0.001 -0.003 0.000 0.001 0.001
0.000 0.000 0.005 -0.002 0.000 -0.001 0.000
0.009 0.002 -0.005 -0.002 0.005 -0.003 -0.002
0.005 0.006 0.000 0.003 -0.005 -0.002 -0.002
0.004 0.003 -0.006 -0.003 0.000 -0.003 -0.001
-0.002 0.000 0.001 0.001 -0.003 0.000 0.001















































PC57 PC58 PC59 PC60 PC61 PC62 PC63
-0.003 0.002 0.003 0.001 -0.005 -0.003 -0.001
0.002 0.001 0.003 -0.001 0.002 0.000 0.000
0.000 -0.006 0.003 -0.004 0.001 -0.001 -0.001
-0.002 -0.001 0.000 -0.004 -0.002 0.003 0.000
-0.002 -0.005 -0.001 0.004 0.000 -0.001 -0.001
0.000 0.001 -0.008 -0.002 -0.001 -0.002 0.000
0.003 0.005 -0.001 0.000 -0.002 0.004 0.000
-0.002 0.005 -0.003 -0.001 -0.004 0.001 0.004
0.003 0.002 -0.001 -0.003 -0.003 0.000 0.004
-0.003 -0.002 -0.004 -0.002 0.001 0.006 0.004
0.006 0.003 -0.002 0.003 0.001 -0.001 -0.001
-0.002 -0.003 0.000 -0.002 0.001 0.001 -0.001
-0.002 -0.009 0.006 0.000 0.002 -0.001 0.001
0.002 -0.004 -0.006 0.004 0.000 0.004 0.000
-0.005 0.001 -0.001 0.000 -0.002 0.002 0.005
0.003 -0.005 0.001 0.000 -0.001 0.003 -0.003
0.008 0.002 0.001 0.005 0.000 0.000 0.003
0.007 -0.002 0.001 -0.003 -0.002 0.003 -0.002
0.004 -0.003 0.000 0.000 0.001 0.002 -0.002
0.007 0.001 -0.001 0.003 0.001 0.000 0.002
0.009 0.006 -0.003 -0.001 0.001 -0.002 -0.002
-0.002 0.002 -0.005 0.001 0.002 -0.001 -0.003
-0.001 0.001 0.001 0.001 0.001 0.001 0.002
0.000 0.007 0.004 -0.003 0.001 0.001 0.002
0.007 0.004 -0.005 0.001 -0.004 0.004 0.004
-0.004 0.000 -0.001 0.004 -0.002 0.000 -0.003
0.003 0.000 -0.004 0.001 0.002 0.005 -0.001
0.001 0.002 0.000 -0.005 0.000 -0.005 0.000
0.000 0.000 0.002 -0.001 0.000 -0.004 0.002
-0.003 -0.003 -0.004 0.004 0.000 -0.001 0.002
-0.004 0.004 0.003 0.000 -0.002 0.000 0.001
-0.007 0.003 0.001 0.000 -0.002 0.003 0.003
-0.004 -0.003 0.006 0.003 -0.001 0.002 0.000
-0.001 -0.002 -0.004 -0.003 -0.003 0.002 -0.003
0.003 -0.005 -0.001 0.001 0.001 -0.002 -0.002
0.002 -0.002 -0.007 -0.002 0.005 -0.003 -0.003
-0.002 0.002 0.004 -0.003 -0.001 0.003 0.003
-0.001 -0.002 -0.001 -0.001 -0.001 0.002 -0.001
-0.002 -0.003 0.002 0.000 -0.001 0.000 -0.002
0.002 0.000 -0.003 0.003 -0.001 0.000 0.001
-0.006 0.000 0.000 -0.002 0.001 0.005 0.000
0.002 0.002 0.000 0.000 -0.002 0.001 0.003
-0.004 0.000 0.002 -0.001 -0.005 -0.003 0.002















































PC57 PC58 PC59 PC60 PC61 PC62 PC63
-0.002 0.003 -0.002 0.004 -0.003 -0.002 -0.002
-0.001 0.001 0.000 -0.002 0.000 0.003 0.000
0.004 0.005 0.005 0.003 0.001 -0.004 0.001
0.003 0.005 0.000 0.003 0.003 0.003 -0.004
-0.003 0.000 -0.002 -0.001 -0.001 -0.003 -0.002
0.007 0.003 0.005 0.003 -0.002 0.003 -0.005
-0.003 0.000 0.001 0.005 0.004 0.004 -0.003
-0.003 0.000 -0.007 0.001 0.002 0.001 -0.001
0.002 -0.001 -0.004 0.004 -0.008 0.001 -0.001
0.000 0.001 -0.001 -0.003 0.001 -0.003 -0.001
0.008 0.001 0.002 0.004 -0.003 0.003 0.004
-0.003 -0.002 -0.001 0.002 -0.003 -0.007 -0.007
-0.005 0.001 -0.002 -0.003 0.001 -0.001 0.004
0.001 0.000 0.006 -0.007 -0.002 -0.001 0.001
-0.001 0.001 0.000 -0.002 0.004 -0.002 -0.003
-0.003 0.004 -0.004 -0.005 0.003 0.000 -0.004
-0.001 -0.001 0.007 0.001 0.001 -0.002 0.002
0.007 0.002 -0.002 0.002 0.003 0.004 0.001
0.001 0.003 -0.006 -0.001 0.004 0.000 0.002
0.007 0.001 0.010 0.001 -0.008 -0.005 0.000
0.001 -0.005 -0.003 0.002 0.003 0.005 0.003
-0.004 -0.007 -0.007 0.002 -0.006 -0.002 -0.002
0.004 0.007 0.000 0.001 0.003 0.007 0.001
0.003 0.002 0.003 -0.003 0.000 0.000 -0.001
-0.001 -0.009 -0.003 0.004 -0.001 0.006 -0.001
0.000 -0.002 0.007 0.000 0.003 0.003 -0.004
-0.006 0.002 0.000 0.000 0.000 -0.004 -0.003
-0.004 -0.002 -0.002 -0.002 0.004 -0.002 -0.003
-0.003 -0.002 -0.003 0.000 0.011 0.001 -0.001
0.005 -0.003 -0.003 -0.010 -0.004 0.001 -0.002
0.002 -0.003 0.000 0.004 0.001 0.002 -0.003
0.004 -0.005 0.000 -0.010 -0.005 0.003 -0.004
0.001 0.001 0.003 -0.002 0.001 -0.003 0.001
0.000 0.000 -0.003 -0.002 -0.001 0.002 -0.001
-0.011 0.004 0.000 0.001 0.000 0.000 0.002
-0.005 0.006 0.007 0.007 0.002 0.000 0.005
-0.005 0.006 0.004 -0.007 -0.001 -0.004 -0.007
0.002 0.001 0.002 0.010 0.005 -0.001 0.000
0.008 -0.002 -0.002 0.000 -0.002 0.004 0.005
0.006 -0.005 0.006 -0.001 0.004 -0.002 0.000
-0.003 0.010 0.001 0.000 0.002 -0.004 -0.001
-0.004 0.005 -0.009 -0.008 0.001 0.005 0.002
0.002 -0.001 -0.003 -0.010 -0.005 -0.003 0.000






































PC57 PC58 PC59 PC60 PC61 PC62 PC63
-0.005 0.003 -0.003 0.000 -0.001 -0.002 -0.004
0.006 0.000 -0.005 0.000 -0.001 0.001 0.002
0.006 0.007 0.000 -0.004 0.006 0.000 -0.001
0.003 0.000 -0.002 0.001 -0.002 -0.003 0.002
0.004 -0.002 0.004 0.000 0.005 0.005 0.003
0.004 -0.001 -0.001 -0.003 0.001 0.001 -0.003
-0.004 -0.004 0.001 -0.002 -0.006 0.001 -0.001
-0.004 0.008 -0.001 -0.002 -0.003 -0.002 0.006
0.002 -0.001 -0.003 -0.001 0.002 -0.003 0.001
-0.002 -0.001 0.005 0.003 -0.002 -0.001 0.002
-0.004 -0.002 -0.003 0.003 0.003 0.002 -0.003
-0.005 -0.004 0.002 -0.001 -0.008 -0.003 -0.001
-0.003 0.001 0.000 -0.001 0.002 0.002 0.004
-0.004 -0.008 0.001 0.004 -0.002 0.001 0.004
-0.003 -0.004 0.000 0.001 0.000 0.001 0.000
-0.009 -0.001 0.000 -0.001 -0.004 0.000 0.002
0.001 0.003 0.005 -0.002 0.000 -0.008 0.000
-0.001 0.004 0.001 0.005 0.002 0.001 -0.003
0.003 -0.001 -0.002 0.007 -0.004 0.004 -0.002
0.002 0.004 0.004 0.000 0.006 -0.004 0.002
0.007 0.000 0.002 0.007 0.003 -0.001 0.003
0.002 0.000 0.005 0.004 0.002 0.003 0.000
0.001 0.005 -0.001 -0.002 0.002 -0.002 -0.003
-0.004 -0.004 -0.004 -0.004 -0.005 0.004 -0.005
0.000 -0.005 -0.004 0.001 -0.001 -0.005 0.000
0.002 -0.002 0.003 -0.001 -0.003 0.007 0.003
0.001 0.000 0.004 0.004 -0.002 -0.005 0.003
0.004 -0.007 0.009 -0.001 0.004 0.004 0.004
-0.007 0.000 -0.002 -0.003 -0.004 -0.001 0.000
-0.005 -0.002 -0.001 -0.001 0.000 -0.001 0.004
-0.002 -0.003 -0.002 0.005 0.001 0.000 0.001
0.000 0.000 0.004 0.000 0.002 -0.002 -0.002
-0.005 0.002 0.005 0.005 0.002 0.001 0.000
-0.003 -0.004 -0.001 -0.012 0.001 -0.008 0.005






























































































































































































































































































































































































































































































































































































































































































































































































































































































































AppendixD: Phylogenetic PrincipalComponentAnalysis Scores (BM) (3D GM)
Taxa PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13
Alouatta palliata 0.006 0.019 -0.023 0.038 0.054 0.064 -0.001 -0.054 -0.023 -0.055 -0.016 -0.005 0.013
Alouatta seniculus 0.000 0.016 0.012 0.080 0.019 0.041 -0.014 -0.033 -0.015 -0.038 0.002 0.005 -0.007
Ardipithecus ramidus -0.118 0.225 -0.154 -0.058 0.068 -0.044 0.017 0.009 0.018 -0.039 -0.016 0.000 -0.025
Ateles belzebuth 0.027 -0.001 -0.012 0.042 -0.013 0.004 0.035 -0.068 -0.027 -0.045 -0.015 0.009 -0.012
Ateles fusciceps 0.031 -0.015 -0.059 0.033 0.045 0.060 0.004 -0.024 -0.028 -0.025 -0.007 0.020 -0.022
Ateles geoffroyi 0.000 -0.012 -0.038 0.053 0.080 0.047 0.006 -0.040 -0.015 -0.023 0.012 -0.012 -0.028
Australopithecus afarensis 0.194 0.231 -0.156 -0.030 0.065 -0.034 0.005 0.012 0.040 -0.040 -0.022 -0.002 -0.021
Australopithecus africanus 0.173 0.148 -0.140 -0.137 0.065 -0.059 0.000 0.022 0.010 -0.061 -0.008 -0.008 -0.036
Brachyteles arachnoides 0.059 0.023 -0.063 0.023 0.070 0.044 0.029 -0.091 -0.026 -0.021 0.004 0.022 -0.046
Bunopithecus hoolock 0.045 -0.008 -0.052 0.062 0.070 0.015 0.035 0.007 -0.052 -0.058 0.004 -0.003 -0.002
Cebus apella -0.017 -0.031 0.018 0.032 -0.018 0.032 -0.019 -0.018 0.018 -0.041 -0.001 0.019 -0.028
Cebus olivaceus -0.029 -0.032 0.025 0.041 -0.030 0.029 -0.004 -0.001 -0.004 -0.047 -0.002 0.022 -0.022
Cercopithecus albogularis -0.004 0.007 0.020 0.065 -0.001 -0.029 0.016 0.019 -0.002 -0.043 -0.001 -0.021 -0.031
Cercopithecus mitis -0.018 -0.003 -0.001 0.063 -0.001 0.019 0.028 0.022 -0.013 -0.039 -0.003 -0.020 -0.032
Chlorocebus aethiops 0.012 0.015 -0.001 0.062 -0.046 -0.022 0.013 0.007 -0.021 -0.032 0.006 -0.006 -0.008
Chlorocebus pygerythrus -0.013 0.006 0.023 0.058 -0.027 -0.025 -0.013 0.004 0.005 -0.056 0.000 -0.012 0.000
Colobus angolensis -0.014 0.020 0.005 0.036 -0.031 0.012 0.025 0.050 0.012 -0.034 -0.014 -0.048 -0.003
Colobus guereza -0.011 0.009 0.009 0.033 -0.014 0.004 0.025 0.045 0.007 -0.039 -0.007 -0.041 -0.004
Ekembo nyanzae -0.004 0.001 -0.042 -0.086 0.018 0.085 -0.015 -0.035 0.017 -0.028 -0.012 -0.020 -0.021
Erythrocebus patas 0.024 -0.025 -0.011 0.015 -0.052 -0.029 0.083 0.063 0.033 -0.031 0.001 -0.034 -0.016
Eulemur fulvus -0.003 0.007 0.037 -0.018 -0.026 -0.017 -0.017 0.012 0.001 0.025 0.025 0.001 0.027
Gorilla beringei 0.054 0.058 -0.106 -0.045 0.124 -0.017 0.070 -0.029 0.032 -0.041 0.040 0.007 0.015
Gorilla gorilla 0.059 0.060 -0.118 -0.071 0.142 -0.003 0.078 -0.014 0.033 -0.050 0.002 0.028 0.001
Hapalemur griseus -0.003 0.008 0.003 0.011 0.013 -0.023 -0.006 -0.025 0.007 0.008 0.029 -0.009 0.019
Homo sapiens 0.168 0.263 -0.006 -0.124 0.091 -0.030 0.023 0.022 0.011 -0.037 -0.013 -0.003 -0.028
Hylobates agilis 0.020 -0.055 -0.037 0.049 0.122 -0.039 0.007 0.005 -0.045 -0.031 -0.007 -0.002 -0.005
Hylobates klossii 0.040 -0.001 -0.063 0.031 0.067 0.012 0.048 0.001 -0.049 -0.043 0.033 -0.009 0.003
Hylobates lar 0.051 -0.017 -0.056 0.064 0.058 0.028 0.035 0.011 -0.066 -0.037 0.006 -0.004 -0.018
Hylobates muelleri 0.048 -0.014 -0.073 0.027 0.068 0.011 0.054 -0.008 -0.080 -0.031 0.000 -0.025 -0.004
Hylobates pileatus 0.049 -0.025 -0.051 0.054 0.059 0.004 0.023 -0.011 -0.067 -0.011 0.007 -0.026 -0.019
Indri indri 0.000 0.015 0.000 -0.052 -0.001 -0.006 0.031 -0.010 0.017 0.024 0.007 -0.019 0.047
Lagothrix lagotricha 0.002 -0.010 -0.027 0.035 0.033 0.057 -0.009 -0.034 -0.032 -0.037 0.006 0.011 -0.019
Lemur catta -0.008 0.004 0.011 0.003 -0.014 -0.022 -0.007 -0.012 0.004 0.001 0.015 0.010 0.000
Lophocebus albigena -0.003 -0.029 0.016 0.045 -0.002 0.010 0.012 0.019 0.017 -0.054 -0.003 -0.003 -0.017
Macaca fascicularis -0.014 -0.008 -0.003 0.072 -0.004 0.021 0.016 0.014 -0.021 -0.047 -0.008 -0.013 -0.011
Macaca mulatta 0.005 -0.043 -0.017 0.059 -0.056 0.002 0.027 0.035 0.002 -0.007 -0.011 -0.021 -0.014
Macaca nemestrina -0.015 0.009 0.009 0.044 0.010 -0.025 0.000 0.003 0.008 -0.044 -0.006 -0.017 -0.003
Macaca tonkeana -0.010 0.023 -0.008 0.028 0.034 -0.004 0.018 0.032 0.017 -0.054 -0.019 -0.024 0.006
Mandrillus sphinx 0.021 0.022 0.016 0.051 -0.026 -0.035 -0.008 0.023 0.006 -0.054 0.037 -0.021 0.000
Nomascus concolor 0.040 -0.025 -0.046 0.039 0.076 -0.002 0.024 -0.012 -0.041 -0.037 -0.014 -0.025 -0.005
Nomascus leucogenys 0.094 0.022 -0.035 0.071 0.085 -0.012 0.008 -0.007 -0.084 -0.045 -0.014 -0.039 -0.022
Otolemur crassicaudatus -0.002 -0.027 0.045 0.037 -0.024 -0.060 -0.031 0.050 -0.011 0.055 -0.005 0.034 -0.012
Pan paniscus 0.011 -0.024 -0.082 -0.005 0.089 -0.027 0.047 -0.018 0.022 -0.032 -0.037 -0.013 -0.013
Pan troglodytes 0.041 -0.004 -0.103 -0.007 0.100 -0.027 0.046 -0.002 0.001 -0.022 -0.029 0.007 -0.010
Papio anubis 0.009 0.022 -0.009 0.021 0.025 0.004 0.027 0.034 0.012 -0.068 -0.027 -0.026 -0.003
Papio hamadryas 0.006 0.024 -0.013 0.008 0.037 -0.022 0.039 0.030 0.009 -0.070 -0.025 -0.025 -0.015
Piliocolobus badius -0.001 0.006 -0.007 0.024 0.003 0.013 0.048 0.046 0.016 -0.050 -0.019 -0.045 0.014
Pongo pygmaeus 0.079 0.033 -0.098 -0.001 0.080 0.003 0.042 -0.027 0.007 -0.030 0.024 0.009 -0.016
Presbytis comata 0.010 -0.004 0.000 0.030 -0.019 0.009 0.029 0.026 -0.006 -0.056 -0.002 -0.015 -0.020
Presbytis melalophos 0.006 0.034 -0.014 0.028 -0.008 0.000 0.058 0.040 0.005 -0.069 -0.023 -0.047 -0.015
Propithecus diadema -0.008 0.034 -0.037 -0.019 -0.009 0.002 0.014 -0.037 0.005 -0.005 -0.001 -0.036 0.031
Propithecus verreauxi -0.002 0.036 -0.014 -0.082 0.015 -0.043 0.055 0.002 0.013 0.052 -0.004 -0.006 0.043
Rhinopithecus roxellana 0.023 -0.009 -0.047 0.001 -0.027 -0.025 0.056 0.051 -0.001 0.018 -0.018 -0.070 -0.002
Symphalangus syndactylus 0.090 0.003 -0.095 0.022 0.089 0.002 0.029 0.003 -0.080 -0.041 0.028 -0.012 0.018
Theropithecus gelada 0.035 0.023 -0.025 -0.017 0.005 -0.011 -0.042 -0.010 -0.019 -0.019 -0.022 -0.012 0.030
Trachypithecus cristatus -0.010 -0.002 0.002 0.033 -0.021 0.017 0.033 0.028 0.009 -0.062 -0.008 -0.013 -0.005
Trachypithecus johnii 0.011 0.006 -0.008 0.044 0.013 0.014 0.034 0.038 -0.020 -0.049 -0.009 -0.004 0.000
Trachypithecus obscurus -0.007 0.011 -0.014 0.048 0.009 0.052 0.066 0.040 -0.024 -0.067 -0.034 -0.030 0.008






























































PC14 PC15 PC16 PC17 PC18 PC19 PC20 PC21 PC22 PC23 PC24 PC25 PC26
0.021 -0.020 0.001 0.000 0.020 -0.011 0.016 -0.022 0.004 0.014 0.006 0.027 -0.006
0.006 -0.013 0.004 0.000 0.023 -0.018 0.026 -0.006 0.002 0.028 -0.008 0.036 -0.004
0.012 0.027 -0.009 -0.022 0.012 -0.008 -0.005 -0.006 0.008 0.006 0.019 0.005 -0.008
0.028 0.001 0.013 -0.022 -0.005 -0.020 0.006 0.001 0.009 0.000 0.014 0.013 0.003
0.026 0.013 0.004 -0.015 0.001 -0.020 0.018 -0.002 0.011 0.000 0.011 0.011 0.006
0.026 0.007 0.018 -0.020 -0.010 -0.017 0.003 -0.004 0.004 0.001 0.009 0.013 0.003
0.012 0.024 -0.003 -0.025 0.011 -0.008 -0.008 -0.007 0.009 0.005 0.019 0.005 -0.008
0.019 0.023 -0.006 -0.024 0.008 -0.003 -0.003 -0.008 0.009 0.007 0.016 0.009 -0.007
0.021 -0.011 0.008 -0.006 0.031 -0.019 0.026 -0.006 0.005 0.009 -0.001 0.014 0.005
0.013 0.016 -0.005 -0.014 -0.001 0.001 0.001 0.002 0.011 0.020 0.018 -0.015 -0.016
-0.004 0.014 0.002 -0.009 0.021 -0.023 0.014 -0.027 -0.009 -0.007 0.016 0.002 0.004
-0.012 0.020 0.018 -0.022 0.020 -0.012 0.016 -0.010 0.003 -0.008 0.002 0.011 -0.009
-0.010 0.053 0.008 0.013 0.017 -0.024 0.020 0.014 0.007 -0.011 -0.014 -0.004 -0.018
-0.024 0.037 0.007 -0.009 0.017 -0.007 0.021 0.013 0.015 -0.010 -0.001 -0.002 -0.013
-0.030 0.033 0.016 -0.016 0.015 -0.035 0.032 -0.020 0.016 0.008 -0.014 0.010 -0.019
-0.026 0.041 0.005 -0.002 0.015 -0.028 0.036 -0.005 0.011 0.009 -0.011 0.001 -0.014
-0.017 0.008 -0.024 0.005 0.015 -0.013 0.010 0.035 0.010 0.001 -0.017 0.012 -0.010
0.008 0.012 -0.012 0.007 0.016 -0.011 0.001 0.038 0.017 0.001 -0.016 0.011 -0.014
-0.014 0.010 0.003 -0.017 0.003 -0.028 0.002 0.013 0.014 0.008 0.014 -0.002 -0.015
-0.035 0.062 -0.013 -0.012 0.006 -0.027 0.040 0.006 0.006 0.004 -0.001 0.001 -0.022
-0.006 0.012 0.032 0.006 -0.017 0.011 0.015 -0.012 -0.020 0.005 0.017 -0.022 -0.015
-0.003 0.016 -0.046 -0.022 0.022 -0.017 0.004 0.004 0.009 0.002 0.028 0.013 -0.003
-0.012 0.029 -0.039 -0.019 0.030 -0.017 -0.018 0.003 0.001 0.022 0.027 0.014 -0.007
0.003 0.018 0.015 0.004 -0.008 -0.004 0.018 -0.025 -0.004 0.010 0.013 0.001 -0.016
0.023 0.030 -0.008 -0.032 0.015 -0.007 -0.004 -0.010 0.008 0.006 0.017 0.006 -0.006
0.023 0.015 -0.002 -0.036 -0.003 -0.018 0.010 0.012 0.015 0.030 0.015 -0.021 -0.010
0.020 0.028 -0.006 -0.020 -0.002 -0.006 -0.002 0.004 0.016 0.029 0.006 -0.022 -0.013
0.010 0.020 0.000 -0.023 0.002 -0.002 0.009 0.002 0.004 0.020 0.009 -0.021 -0.008
0.027 0.016 0.013 -0.014 0.014 -0.023 0.005 0.016 0.003 0.024 0.012 -0.025 -0.008
0.030 0.041 0.009 -0.021 0.013 0.008 0.007 0.016 0.019 0.027 0.021 -0.015 -0.008
-0.012 -0.030 -0.028 -0.032 -0.007 0.039 -0.007 0.025 -0.022 -0.010 -0.019 -0.004 -0.001
0.020 -0.010 0.010 -0.009 0.033 -0.027 0.010 -0.012 0.010 0.009 0.007 0.020 0.011
0.023 0.009 -0.004 -0.004 -0.001 0.014 -0.014 -0.013 -0.021 0.008 0.009 -0.006 -0.005
-0.009 0.043 0.010 0.008 0.011 -0.022 0.020 0.023 0.009 -0.009 0.005 0.011 -0.017
-0.010 0.020 -0.006 -0.013 0.010 -0.023 0.017 0.017 0.018 0.006 -0.006 0.000 -0.011
0.012 0.023 -0.019 -0.020 0.010 -0.022 0.026 0.016 0.001 0.001 -0.004 0.007 -0.006
-0.016 0.011 -0.005 -0.001 0.014 -0.017 0.031 0.006 0.009 -0.007 -0.010 0.014 -0.003
0.001 0.023 -0.003 0.011 0.020 -0.026 0.027 0.012 0.019 -0.016 -0.008 0.017 -0.011
-0.029 0.035 0.007 -0.011 0.001 -0.017 0.023 0.021 0.011 0.013 0.007 -0.011 -0.006
0.028 0.023 -0.001 -0.011 -0.007 -0.003 -0.001 -0.008 0.012 0.027 0.010 -0.010 -0.009
0.004 0.016 -0.024 0.002 -0.005 -0.007 -0.002 -0.002 0.010 0.025 0.019 -0.009 -0.014
0.005 -0.024 0.005 0.042 -0.008 0.010 -0.018 -0.013 0.000 -0.015 -0.011 -0.007 0.024
-0.005 0.038 -0.007 -0.012 0.023 0.001 -0.007 -0.020 0.009 0.003 0.015 0.001 -0.007
-0.002 0.031 -0.014 -0.018 0.007 -0.015 -0.021 -0.010 0.013 -0.004 0.006 0.000 -0.007
-0.005 0.030 -0.010 0.000 0.005 -0.011 0.035 0.007 0.020 -0.001 -0.010 -0.011 -0.014
-0.027 0.046 -0.006 -0.010 0.003 -0.018 0.029 0.007 0.021 -0.009 -0.007 -0.009 -0.010
-0.018 0.037 -0.003 0.008 0.006 -0.016 0.011 0.030 0.016 0.011 -0.004 0.003 -0.031
0.015 0.043 -0.002 -0.012 0.019 -0.021 -0.006 0.012 0.019 0.013 0.023 0.012 -0.001
0.025 0.043 -0.003 0.011 0.006 -0.017 0.005 0.013 0.007 -0.009 0.003 0.007 -0.015
-0.011 0.037 0.021 0.006 0.025 -0.011 0.007 0.024 0.022 -0.002 -0.009 0.008 0.003
0.011 0.007 -0.045 -0.042 -0.012 0.024 -0.022 0.016 -0.004 0.005 -0.019 0.000 0.010
-0.017 -0.031 -0.015 -0.001 -0.030 0.045 -0.024 0.017 -0.006 0.006 -0.007 0.003 0.007
0.021 0.027 -0.024 0.014 0.025 -0.032 0.003 0.015 0.033 0.005 0.005 0.000 -0.017
0.010 0.023 0.024 -0.012 0.010 -0.019 0.008 0.007 0.003 0.024 0.017 -0.022 -0.001
-0.027 0.071 -0.007 0.000 0.007 -0.007 0.020 0.017 0.007 -0.007 -0.007 0.006 -0.015
0.010 0.038 0.000 0.007 0.009 -0.006 0.008 0.028 0.014 -0.005 0.000 0.008 -0.012
0.013 0.033 0.006 0.007 0.007 0.001 0.021 0.035 0.038 -0.005 0.000 0.005 -0.022
0.020 0.047 0.007 0.003 -0.020 -0.013 0.024 0.030 0.003 -0.001 0.002 0.021 -0.008






























































PC27 PC28 PC29 PC30 PC31 PC32 PC33 PC34 PC35 PC36 PC37 PC38 PC39
-0.011 -0.004 0.021 0.008 0.008 0.000 0.009 -0.001 -0.007 -0.019 -0.002 0.006 -0.011
-0.014 -0.009 0.018 0.006 0.009 0.000 0.008 0.001 -0.008 -0.018 -0.001 0.001 -0.011
-0.015 0.011 0.016 -0.010 0.002 0.002 0.009 0.001 0.011 -0.011 -0.003 -0.005 -0.020
-0.012 -0.010 0.025 0.013 -0.007 0.000 0.007 -0.006 -0.007 -0.007 -0.003 -0.001 -0.012
-0.008 -0.009 0.025 0.013 -0.005 -0.002 0.008 -0.004 -0.004 -0.006 -0.002 -0.001 -0.013
-0.010 -0.009 0.025 0.013 -0.006 -0.002 0.006 -0.007 -0.008 -0.007 -0.003 -0.001 -0.014
-0.015 0.010 0.015 -0.009 0.004 0.001 0.008 0.001 0.011 -0.011 -0.003 -0.006 -0.020
-0.018 0.012 0.015 -0.009 0.003 0.000 0.008 0.001 0.011 -0.012 -0.003 -0.005 -0.020
-0.009 -0.002 0.023 0.011 -0.001 0.008 0.013 -0.007 -0.010 -0.009 -0.006 -0.002 -0.013
0.002 0.003 0.013 -0.003 -0.002 0.003 0.005 0.004 0.003 -0.012 -0.007 -0.001 -0.007
-0.022 0.007 0.001 0.009 -0.004 -0.007 0.010 -0.010 -0.005 -0.020 0.001 -0.012 -0.011
-0.019 0.009 0.005 0.006 -0.004 -0.002 0.007 -0.001 -0.016 -0.017 -0.002 -0.015 -0.016
-0.015 0.013 0.003 -0.001 -0.008 -0.006 0.011 -0.006 0.008 -0.004 -0.011 -0.006 -0.016
-0.016 0.016 0.000 -0.001 -0.002 -0.007 0.009 -0.007 0.001 -0.004 -0.008 -0.006 -0.018
-0.001 0.009 0.007 0.002 0.000 -0.006 0.009 -0.020 0.005 -0.009 -0.004 -0.005 -0.016
-0.006 0.005 0.003 0.004 0.003 0.000 0.008 -0.020 0.003 -0.011 -0.004 -0.003 -0.018
-0.015 0.008 0.014 -0.004 0.008 -0.010 0.013 -0.026 -0.001 0.006 -0.006 -0.001 -0.014
-0.013 0.005 0.018 0.004 0.012 -0.005 0.007 -0.023 0.005 0.004 -0.010 -0.001 -0.017
-0.004 0.000 0.014 -0.005 -0.003 0.007 0.011 0.000 0.005 -0.008 -0.004 -0.005 -0.012
0.004 0.002 0.013 -0.001 0.007 -0.004 0.010 -0.011 0.003 -0.012 -0.008 0.000 -0.017
0.013 0.006 -0.014 -0.017 0.001 0.004 -0.005 -0.011 0.004 0.012 0.003 0.010 0.006
-0.019 0.006 0.013 -0.017 0.002 -0.001 0.009 0.000 0.011 -0.007 -0.007 -0.008 -0.017
-0.018 0.005 0.013 -0.015 -0.004 -0.002 0.006 -0.003 0.009 -0.006 -0.008 -0.007 -0.018
0.004 -0.004 -0.034 -0.012 -0.003 0.003 -0.007 0.009 -0.001 0.006 -0.005 0.011 0.008
-0.017 0.012 0.016 -0.009 0.003 0.001 0.008 0.001 0.011 -0.012 -0.003 -0.005 -0.021
0.005 0.006 0.015 -0.003 0.004 -0.002 0.008 0.002 0.000 -0.012 -0.005 -0.005 -0.004
0.005 0.004 0.011 0.002 0.004 0.000 0.010 0.002 0.001 -0.012 -0.004 -0.005 -0.005
-0.004 -0.007 0.021 -0.008 0.000 0.000 0.004 0.002 0.001 -0.014 -0.007 -0.002 -0.005
0.007 -0.001 0.012 -0.009 0.008 -0.007 0.006 0.005 0.000 -0.012 -0.004 -0.004 -0.008
0.003 -0.005 0.012 -0.011 0.001 0.000 0.008 -0.002 0.005 -0.016 -0.007 -0.006 -0.003
0.031 0.011 -0.004 -0.002 -0.011 0.004 -0.025 0.003 0.013 -0.002 0.007 -0.005 0.009
-0.005 -0.005 0.022 0.009 -0.001 0.007 0.011 -0.006 -0.008 -0.009 -0.008 -0.003 -0.014
0.024 -0.008 -0.028 -0.007 0.003 0.002 0.007 0.004 -0.003 0.001 -0.004 0.004 0.010
-0.001 0.012 0.007 0.003 -0.005 -0.011 0.008 -0.006 0.004 -0.003 -0.003 0.001 -0.012
-0.020 0.006 0.015 0.006 0.005 -0.013 0.011 -0.006 0.010 -0.006 -0.010 0.000 -0.016
-0.011 0.016 0.012 0.007 -0.004 -0.006 0.011 -0.005 0.004 -0.006 -0.012 0.004 -0.018
0.004 0.001 0.009 0.002 -0.010 -0.014 0.010 -0.006 0.006 -0.004 -0.011 0.002 -0.020
-0.005 0.003 0.020 0.005 -0.008 -0.015 0.013 -0.008 -0.001 -0.008 -0.010 0.000 -0.013
-0.008 0.004 0.023 0.001 -0.014 -0.016 0.023 -0.001 0.002 -0.003 -0.006 0.000 -0.019
0.001 0.001 0.019 -0.017 0.009 0.012 0.010 0.006 0.003 -0.005 -0.005 -0.006 -0.007
0.005 0.004 0.019 -0.014 0.006 0.013 0.010 0.005 0.003 -0.006 -0.005 -0.007 -0.007
-0.010 -0.011 -0.006 0.014 0.009 -0.005 -0.008 0.010 -0.007 0.014 0.006 0.005 0.016
-0.014 0.013 0.021 -0.006 0.003 0.001 0.011 0.002 0.012 -0.011 -0.003 -0.007 -0.023
-0.017 0.012 0.015 -0.014 0.000 0.004 0.013 0.000 0.012 -0.016 -0.002 -0.004 -0.023
-0.003 0.001 0.006 -0.005 -0.012 -0.009 0.007 -0.008 0.001 -0.004 -0.004 -0.005 -0.015
-0.002 -0.003 0.005 -0.002 -0.006 -0.008 0.006 -0.007 0.001 -0.002 -0.004 -0.004 -0.014
-0.012 0.020 0.013 -0.010 0.001 -0.007 0.010 -0.012 0.004 -0.002 -0.005 -0.001 -0.010
-0.009 -0.002 0.023 -0.009 -0.008 0.010 0.004 0.000 0.005 -0.010 0.016 -0.004 -0.019
-0.003 0.010 0.011 -0.012 0.002 0.000 0.015 -0.015 -0.007 0.002 -0.003 -0.001 -0.013
-0.005 0.020 0.008 -0.009 -0.003 0.002 0.019 -0.013 -0.002 0.000 -0.003 0.005 -0.011
0.024 0.009 -0.011 -0.017 -0.007 0.000 -0.011 0.000 0.013 0.010 0.002 0.002 0.012
0.021 0.003 -0.013 -0.015 -0.005 0.003 -0.007 0.001 0.014 0.006 0.002 -0.002 0.010
-0.018 0.006 0.007 0.004 -0.007 -0.001 0.010 -0.016 -0.006 0.002 -0.006 -0.002 -0.015
0.002 0.007 0.019 -0.007 0.002 0.013 0.004 -0.001 0.000 -0.012 -0.011 -0.007 -0.004
-0.006 0.007 0.009 0.002 -0.005 -0.013 0.009 -0.005 0.000 -0.004 -0.004 0.000 -0.014
-0.010 0.018 0.012 -0.012 0.005 -0.004 0.012 -0.016 -0.006 0.001 -0.009 -0.004 -0.015
0.004 0.008 0.004 -0.002 -0.001 -0.002 0.014 -0.020 -0.002 0.004 -0.009 0.003 -0.020
-0.013 0.012 0.006 -0.002 0.000 -0.002 0.017 -0.017 -0.002 0.002 -0.008 -0.006 -0.015






























































PC40 PC41 PC42 PC43 PC44 PC45 PC46 PC47 PC48 PC49 PC50 PC51 PC52
-0.003 0.015 -0.003 0.003 0.000 -0.006 0.002 0.000 0.002 0.001 0.000 -0.005 -0.001
-0.006 0.013 -0.001 0.001 0.000 -0.008 0.003 0.002 0.001 0.003 0.001 -0.005 0.000
-0.006 -0.004 -0.002 -0.003 -0.010 -0.003 0.002 0.004 0.004 0.005 -0.001 0.001 -0.002
-0.008 0.006 -0.005 0.004 -0.004 -0.011 0.001 0.005 0.000 -0.001 -0.002 -0.001 -0.001
-0.006 0.007 -0.005 0.005 -0.004 -0.011 0.002 0.005 0.000 -0.001 -0.002 -0.001 -0.001
-0.007 0.006 -0.004 0.004 -0.004 -0.012 0.001 0.004 0.000 -0.001 -0.002 -0.001 -0.001
-0.006 -0.004 -0.001 -0.003 -0.010 -0.003 0.002 0.003 0.004 0.006 -0.001 0.001 -0.002
-0.005 -0.004 -0.002 -0.004 -0.010 -0.003 0.002 0.004 0.004 0.005 -0.001 0.001 -0.002
-0.007 0.005 -0.001 0.000 0.000 -0.009 0.001 0.001 0.000 0.000 -0.004 -0.005 -0.003
-0.008 0.000 -0.006 0.001 -0.004 -0.012 0.001 0.002 0.006 0.008 0.001 0.001 -0.004
-0.005 0.002 0.000 0.005 0.005 -0.010 -0.004 0.002 0.002 0.001 0.000 -0.003 -0.003
-0.002 0.006 0.000 0.006 0.002 -0.008 -0.004 0.001 0.002 0.000 -0.001 -0.003 -0.004
-0.003 0.007 -0.009 -0.005 -0.001 -0.005 -0.002 0.000 0.009 -0.002 0.000 0.001 0.001
-0.003 0.007 -0.010 -0.007 0.001 -0.005 -0.002 0.002 0.008 -0.002 0.000 0.001 0.001
0.003 0.002 -0.005 -0.002 -0.001 -0.006 -0.001 0.001 0.006 -0.003 -0.002 0.003 -0.001
0.003 0.004 -0.005 -0.003 -0.001 -0.006 -0.001 0.001 0.005 -0.003 -0.003 0.004 -0.001
-0.002 -0.005 -0.015 0.002 -0.004 -0.005 -0.001 0.002 0.003 0.004 -0.001 -0.002 -0.002
0.003 -0.009 -0.012 0.002 0.001 -0.005 -0.003 0.003 0.003 0.004 0.000 -0.002 -0.002
-0.004 -0.003 -0.003 -0.001 -0.007 -0.005 0.000 0.003 0.006 0.004 0.000 0.001 -0.002
-0.006 -0.001 -0.006 -0.005 0.002 -0.005 -0.003 0.000 0.007 -0.003 -0.001 0.002 0.000
0.007 0.009 0.006 0.003 -0.001 0.006 -0.005 0.001 -0.008 0.002 0.005 -0.002 0.005
0.000 -0.004 0.001 -0.002 -0.010 -0.005 0.002 0.004 0.007 0.005 0.000 0.001 -0.001
-0.002 -0.003 0.001 -0.001 -0.009 -0.004 0.002 0.004 0.007 0.004 -0.001 0.001 -0.001
0.004 -0.004 -0.003 0.008 -0.003 0.007 -0.006 -0.002 -0.010 0.000 0.002 0.000 0.005
-0.006 -0.004 -0.002 -0.004 -0.010 -0.003 0.002 0.004 0.004 0.006 -0.001 0.001 -0.002
-0.007 0.000 -0.003 -0.001 -0.010 -0.007 -0.003 0.004 0.009 0.007 -0.002 0.001 -0.003
-0.008 0.001 -0.002 0.000 -0.011 -0.006 -0.002 0.005 0.010 0.008 -0.002 0.001 -0.003
-0.003 0.000 -0.003 -0.002 -0.011 -0.007 -0.004 0.004 0.009 0.007 -0.003 0.001 -0.003
-0.005 0.000 -0.002 0.001 -0.010 -0.007 -0.002 0.004 0.009 0.007 -0.002 0.001 -0.003
-0.007 0.001 -0.003 0.002 -0.009 -0.006 -0.001 0.005 0.009 0.007 -0.003 0.001 -0.003
0.002 0.003 0.002 0.004 0.002 0.002 0.001 -0.005 -0.007 -0.002 -0.003 0.000 0.006
-0.007 0.005 -0.001 -0.001 -0.002 -0.009 0.001 0.001 0.001 0.000 -0.004 -0.006 -0.003
0.012 0.000 -0.006 0.003 -0.004 0.005 -0.007 0.000 -0.011 -0.001 0.004 0.000 0.006
-0.006 0.001 -0.003 -0.003 -0.001 -0.007 -0.007 0.004 0.002 -0.001 -0.005 -0.002 -0.001
-0.010 0.002 -0.001 -0.002 -0.001 -0.007 -0.002 0.005 0.001 -0.006 0.001 0.000 -0.001
-0.006 0.003 -0.001 0.001 -0.002 -0.006 -0.002 0.006 0.003 -0.006 0.001 -0.001 -0.002
-0.009 0.004 -0.003 -0.004 0.001 -0.006 -0.003 0.008 0.003 -0.003 0.000 0.001 -0.002
-0.008 0.004 -0.001 -0.002 0.001 -0.005 -0.003 0.007 0.002 -0.004 0.000 0.001 -0.001
0.000 0.001 -0.003 0.000 0.004 -0.004 -0.002 0.002 0.002 -0.002 -0.003 -0.001 -0.001
-0.006 0.002 -0.006 0.002 -0.004 -0.010 -0.003 0.005 0.009 0.005 -0.003 0.001 -0.002
-0.006 0.000 -0.004 0.002 -0.005 -0.008 -0.003 0.006 0.009 0.005 -0.003 0.002 -0.002
0.002 -0.010 0.004 -0.004 0.006 0.009 0.009 0.001 0.006 -0.003 0.000 0.002 -0.002
-0.007 -0.006 -0.001 -0.004 -0.011 -0.001 0.003 0.003 0.003 0.006 -0.001 0.001 -0.002
-0.007 -0.005 -0.001 -0.003 -0.009 -0.001 0.003 0.004 0.003 0.007 -0.002 0.001 -0.001
-0.005 -0.002 -0.001 -0.001 -0.001 -0.006 -0.005 0.004 0.003 -0.002 -0.002 -0.003 -0.002
-0.004 0.001 -0.002 0.000 -0.001 -0.006 -0.004 0.004 0.002 -0.002 -0.002 -0.004 -0.002
0.008 -0.006 -0.012 -0.008 -0.002 -0.007 0.002 0.006 0.001 0.000 -0.001 -0.002 -0.004
-0.004 -0.003 -0.007 -0.002 -0.009 -0.003 -0.002 0.002 0.006 0.003 0.003 0.000 -0.002
-0.001 -0.009 -0.002 -0.005 -0.002 -0.011 0.004 0.001 0.002 0.001 -0.001 -0.001 0.000
0.002 -0.010 -0.001 -0.003 -0.003 -0.013 0.001 0.002 0.004 0.002 0.000 0.000 0.000
-0.001 0.008 0.007 -0.003 0.002 0.005 -0.008 -0.009 -0.009 -0.001 0.001 0.003 0.000
-0.001 0.008 0.006 -0.001 -0.001 0.003 -0.008 -0.009 -0.010 -0.002 0.000 0.003 0.000
0.003 -0.001 -0.005 -0.008 -0.001 -0.011 0.000 0.002 0.001 0.004 -0.002 0.000 0.000
-0.010 -0.001 -0.007 -0.001 -0.007 -0.006 -0.002 0.005 0.007 0.006 -0.001 0.002 -0.003
-0.005 -0.002 -0.002 -0.003 -0.001 -0.008 -0.006 0.004 0.004 -0.002 -0.002 -0.003 -0.001
0.001 -0.006 -0.003 -0.001 -0.003 -0.007 0.001 0.002 0.001 0.005 0.000 0.002 0.000
0.002 -0.008 -0.004 -0.007 -0.004 -0.008 0.001 0.001 0.004 0.001 -0.001 0.000 0.001
0.003 -0.006 -0.003 -0.003 -0.002 -0.006 0.001 0.001 0.002 0.005 -0.001 0.001 0.000






























































PC53 PC54 PC55 PC56 PC57 PC58
0.006 0.003 0.002 0.000 0.001 0.000
0.006 0.002 0.002 0.001 0.001 0.000
-0.001 -0.002 -0.003 0.000 0.000 0.000
0.006 0.001 0.003 0.001 0.001 0.000
0.006 0.001 0.004 0.001 0.000 0.000
0.006 0.001 0.004 0.000 0.001 0.000
-0.001 -0.002 -0.003 0.000 0.000 0.000
-0.001 -0.002 -0.003 0.000 0.000 0.000
0.003 0.000 0.004 0.001 0.000 0.000
-0.003 -0.003 -0.003 0.001 0.000 0.000
0.003 0.003 0.002 0.000 0.003 0.000
0.002 0.004 0.001 -0.001 0.002 0.001
0.000 -0.001 -0.001 0.002 -0.002 -0.001
0.000 -0.002 -0.001 0.002 -0.002 -0.001
0.000 -0.002 -0.002 0.001 -0.002 -0.001
0.000 -0.002 -0.002 0.001 -0.002 -0.001
-0.001 0.001 -0.002 0.001 -0.001 -0.001
0.000 0.001 -0.002 0.002 -0.001 -0.001
-0.001 -0.001 -0.002 0.001 0.000 -0.001
0.000 -0.001 -0.001 0.000 -0.002 -0.001
-0.003 -0.001 0.001 0.000 -0.001 0.001
0.000 -0.002 -0.003 0.000 -0.001 0.000
-0.001 -0.002 -0.003 0.000 0.000 0.000
-0.003 -0.001 0.001 0.001 0.000 0.001
-0.001 -0.002 -0.003 0.000 0.000 0.000
-0.003 0.000 -0.002 0.001 0.000 -0.001
-0.003 0.000 -0.002 0.001 0.000 -0.001
-0.003 0.000 -0.003 0.001 0.000 -0.001
-0.002 -0.001 -0.002 0.001 0.000 -0.001
-0.002 0.000 -0.003 0.001 0.000 -0.001
-0.003 0.000 0.000 0.001 0.000 0.000
0.003 0.000 0.004 0.001 0.000 0.000
-0.002 -0.001 0.000 0.000 -0.001 0.001
0.001 -0.002 -0.003 -0.001 -0.002 -0.001
-0.003 0.000 -0.002 0.000 -0.002 -0.001
-0.002 -0.001 -0.002 0.001 -0.002 -0.001
-0.003 0.000 -0.002 0.000 -0.002 -0.001
-0.003 -0.001 -0.002 0.001 -0.002 -0.001
0.000 -0.001 -0.003 0.001 -0.002 -0.001
-0.003 -0.001 -0.003 0.001 0.000 -0.001
-0.002 -0.001 -0.003 0.001 0.000 -0.001
0.001 -0.001 0.000 -0.002 0.000 0.000
0.000 -0.002 -0.003 0.000 0.000 0.000
0.000 -0.002 -0.003 0.000 0.000 0.000
0.002 -0.002 -0.002 0.000 -0.002 -0.002
0.001 -0.002 -0.002 0.000 -0.002 -0.002
-0.001 0.001 -0.001 0.002 -0.001 -0.001
-0.003 -0.001 -0.002 0.000 0.000 -0.001
0.000 0.003 -0.003 0.002 -0.002 -0.001
0.000 0.002 -0.002 0.001 -0.002 -0.001
0.000 0.000 0.000 0.002 0.001 0.000
0.000 0.001 0.000 0.002 0.000 0.000
-0.001 0.002 -0.002 0.000 -0.001 -0.001
-0.001 -0.001 -0.003 0.001 0.000 -0.001
0.001 -0.002 -0.002 0.000 -0.002 -0.001
-0.001 0.001 0.001 0.001 -0.001 -0.002
-0.001 0.001 -0.002 0.001 0.001 -0.001
-0.002 0.001 0.000 0.000 -0.001 -0.002
-0.001 0.001 0.000 0.001 -0.001 -0.002
319
Appendix E: Phylogenetic Principal Component Analysis Scores (Lambda)
Taxa PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12
Alouatta_palliata -0.009 -0.046 -0.028 0.079 -0.006 -0.019 0.012 -0.005 0.013 -0.002 0.031 -0.011
Alouatta_seniculus -0.057 -0.026 -0.009 0.085 -0.022 0.002 0.009 0.014 0.013 0.014 0.026 -0.003
Ardipithecus_ramidus 0.150 0.096 -0.021 0.069 0.165 0.080 0.041 0.004 -0.022 -0.007 -0.017 0.002
Ateles_belzebuth -0.026 -0.027 -0.023 0.043 -0.016 -0.028 0.018 0.026 0.023 -0.011 -0.018 -0.038
Ateles_fusciceps -0.005 -0.065 -0.015 0.032 -0.004 -0.030 0.008 0.011 -0.023 0.005 -0.002 0.009
Ateles_geoffroyi -0.013 -0.073 -0.034 0.045 0.005 -0.003 0.007 0.001 -0.013 0.001 -0.003 0.004
Australopithecus_afarensis 0.265 0.044 0.073 0.024 -0.054 0.012 0.026 0.062 -0.001 0.005 0.017 0.029
Australopithecus_africanus 0.251 0.054 0.031 -0.026 -0.038 -0.023 -0.023 -0.004 -0.019 -0.034 0.004 0.006
Brachyteles_arachnoides 0.056 -0.069 -0.036 0.067 -0.014 -0.026 0.011 0.032 0.000 0.011 -0.009 -0.029
Bunopithecus_hoolock 0.006 -0.086 0.007 -0.014 -0.010 0.015 0.014 -0.012 0.011 0.009 -0.002 0.015
Cebus_apella -0.080 0.012 -0.023 0.056 -0.007 -0.021 -0.048 0.005 -0.006 0.003 -0.016 0.014
Cebus_olivaceus -0.100 0.011 -0.004 0.045 0.003 -0.017 -0.028 -0.006 -0.001 0.014 -0.019 0.001
Cercopithecus_albogularis -0.063 0.018 0.043 0.010 -0.003 0.036 -0.018 0.005 -0.002 0.001 -0.015 -0.012
Cercopithecus_mitis -0.071 0.001 0.036 0.012 0.014 0.009 0.000 0.004 -0.002 0.011 -0.025 0.004
Chlorocebus_aethiops -0.065 0.024 0.035 0.013 -0.008 0.021 -0.007 0.030 0.030 0.003 -0.017 -0.011
Chlorocebus_pygerythrus -0.081 0.034 0.031 0.026 -0.002 0.033 -0.029 0.006 0.028 -0.012 0.003 -0.002
Colobus_angolensis -0.069 0.060 0.041 -0.011 0.010 -0.016 0.016 0.010 -0.004 0.001 0.022 0.006
Colobus_guereza -0.062 0.042 0.030 -0.010 0.006 -0.013 0.018 -0.005 -0.017 -0.001 0.024 0.001
Ekembo_nyanzae 0.014 0.027 -0.043 0.024 0.025 -0.076 -0.022 -0.031 -0.020 -0.042 -0.012 0.020
Erythrocebus_patas -0.052 0.051 0.054 -0.077 0.008 -0.024 -0.023 0.026 0.021 0.018 -0.035 -0.003
Eulemur_fulvus_albifrons -0.059 0.081 -0.064 -0.008 -0.032 0.023 0.000 -0.031 -0.001 0.009 -0.015 0.020
Gorilla_beringei 0.151 -0.023 -0.033 -0.018 0.044 -0.015 -0.036 0.006 0.033 0.032 0.014 0.011
Gorilla_gorilla 0.175 -0.028 -0.028 -0.019 0.046 -0.027 -0.047 -0.009 0.015 0.034 0.008 0.004
Hapalemur_griseus_griseus -0.030 0.034 -0.065 0.009 -0.019 0.034 -0.004 -0.002 0.016 -0.001 -0.008 0.016
Homo_sapiens 0.258 0.111 0.049 0.052 -0.090 0.000 0.009 -0.059 -0.006 0.018 -0.025 -0.026
Hylobates_agilis -0.003 -0.104 -0.034 -0.037 -0.005 0.053 -0.028 -0.031 -0.007 -0.013 0.014 -0.006
Hylobates_klossii 0.026 -0.072 -0.008 -0.032 0.009 0.006 0.020 -0.019 0.015 0.008 -0.013 0.019
Hylobates_lar -0.005 -0.093 0.009 -0.019 -0.015 0.010 0.021 -0.003 -0.001 0.016 -0.018 0.015
Hylobates_muelleri 0.022 -0.093 -0.010 -0.038 0.008 0.001 0.030 -0.016 -0.004 -0.005 -0.011 -0.014
Hylobates_pileatus -0.001 -0.090 -0.002 -0.026 -0.015 0.022 0.027 0.004 -0.013 -0.015 -0.022 0.003
Indri_indri -0.011 0.084 -0.101 -0.047 -0.015 -0.021 0.027 -0.006 0.032 0.011 0.018 -0.008
Lagothrix_lagotricha -0.030 -0.048 -0.029 0.064 0.002 -0.024 0.000 0.001 -0.015 0.002 0.010 0.002
Lemur_catta -0.040 0.048 -0.077 0.006 -0.024 0.020 0.008 -0.004 -0.001 -0.003 -0.014 0.020
Lophocebus_albigena -0.072 0.008 0.027 0.009 -0.002 -0.008 -0.026 -0.010 -0.005 0.003 0.002 0.008
Macaca_fascicularis -0.077 -0.013 0.029 0.016 0.008 0.001 0.004 0.006 0.006 0.000 0.000 0.005
Macaca_mulatta -0.094 0.015 0.017 -0.031 -0.001 -0.025 0.010 0.046 -0.007 -0.001 -0.007 0.010
Macaca_nemestrina -0.053 0.029 0.006 0.020 0.002 0.027 -0.022 0.005 0.018 -0.008 0.019 -0.013
Macaca_tonkeana -0.024 0.024 0.031 0.010 0.015 0.011 -0.016 -0.012 -0.007 0.004 0.034 -0.014
Mandrillus_sphinx -0.050 0.039 0.040 0.004 -0.013 0.025 -0.019 0.001 0.034 -0.007 0.001 0.028
Nomascus_concolor 0.007 -0.081 -0.017 -0.021 -0.015 0.014 0.003 -0.007 -0.004 -0.021 -0.003 -0.008
Nomascus_leucogenys 0.032 -0.091 0.025 -0.005 -0.059 0.041 0.013 0.001 0.006 -0.026 -0.001 -0.005
Otolemur_crassicaudatus -0.098 0.066 -0.076 -0.015 -0.069 0.047 -0.018 0.022 -0.076 0.029 0.012 0.001
Pan_paniscus 0.048 -0.041 -0.028 -0.032 0.035 0.006 -0.050 0.023 -0.013 -0.013 -0.003 -0.025
Pan_troglodytes_schweinfurthii 0.079 -0.051 -0.022 -0.043 0.024 0.005 -0.039 0.023 -0.017 0.003 0.003 -0.016
Papio_anubis -0.019 0.022 0.040 -0.006 0.000 0.006 -0.010 -0.021 0.009 -0.004 0.007 -0.006
Papio_hamadryas -0.002 0.023 0.039 -0.017 0.009 0.018 -0.028 -0.022 0.013 -0.006 -0.010 -0.019
Piliocolobus_badius -0.041 0.028 0.047 -0.031 0.017 -0.015 0.005 -0.013 0.006 0.003 0.014 0.004
Pongo_pygmaeus 0.104 -0.052 -0.003 -0.005 0.010 -0.019 -0.012 0.026 -0.002 0.014 -0.002 0.015
Presbytis_comata -0.050 0.014 0.032 0.000 0.000 -0.021 0.008 -0.008 -0.015 -0.002 -0.009 0.004
Presbytis_melalophos -0.022 0.032 0.059 -0.009 0.016 -0.015 0.017 -0.004 -0.002 -0.001 -0.002 -0.016
Propithecus_diadema -0.001 0.050 -0.074 -0.018 0.003 -0.011 0.047 0.020 0.042 -0.036 0.005 0.010
Propithecus_verreauxi 0.028 0.105 -0.116 -0.065 -0.009 -0.008 0.027 -0.006 0.009 0.016 0.002 -0.027
Rhinopithecus_roxellana -0.024 0.039 0.021 -0.074 0.012 -0.021 0.018 0.042 -0.035 -0.016 0.002 -0.011
Symphalangus_syndactylus 0.063 -0.102 0.004 -0.040 -0.008 0.013 0.013 -0.019 0.007 0.006 0.009 0.013
Theropithecus_gelada -0.003 0.032 0.014 -0.002 -0.014 0.016 -0.023 -0.001 0.006 -0.041 0.022 -0.002
Trachypithecus_cristatus -0.060 0.025 0.034 0.002 0.016 -0.024 0.010 -0.011 -0.007 0.005 0.002 0.005
Trachypithecus_johnii -0.039 0.000 0.044 -0.008 0.002 -0.002 0.026 -0.020 -0.012 0.013 0.009 0.000
Trachypithecus_obscurus -0.050 -0.016 0.055 -0.003 0.022 -0.035 0.047 -0.028 -0.004 0.014 -0.002 -0.010






























































PC13 PC14 PC15 PC16 PC17 PC18 PC19 PC20 PC21 PC22 PC23 PC24
0.001 -0.020 0.007 0.013 -0.005 -0.014 0.008 0.005 -0.005 -0.005 0.000 -0.005
0.017 0.003 0.002 0.010 -0.002 -0.018 0.012 -0.005 -0.006 -0.002 -0.010 0.001
-0.002 0.007 0.005 0.002 -0.005 -0.001 0.010 -0.002 -0.003 -0.002 0.000 0.000
-0.022 -0.006 -0.010 -0.005 -0.006 0.015 0.016 -0.009 0.026 0.003 -0.001 -0.004
-0.005 -0.001 0.007 -0.004 -0.008 0.021 0.009 0.004 -0.007 0.000 0.003 0.003
0.017 -0.003 -0.013 0.004 0.026 0.027 -0.001 -0.005 -0.004 -0.013 0.010 0.007
-0.017 -0.011 0.008 0.008 0.021 0.007 0.002 0.006 0.006 0.009 -0.004 -0.003
-0.023 0.005 0.005 0.018 -0.020 -0.003 -0.003 -0.024 -0.007 -0.001 0.004 0.003
0.012 0.004 0.009 -0.007 -0.001 0.000 -0.019 -0.011 -0.005 0.009 -0.006 0.004
-0.017 0.004 0.004 -0.001 -0.001 -0.007 0.008 0.001 -0.001 0.003 0.005 -0.007
-0.016 0.001 -0.009 0.008 0.001 -0.004 -0.002 0.011 -0.004 -0.003 -0.002 -0.007
-0.023 0.013 0.001 0.015 -0.006 -0.006 -0.001 0.008 0.004 -0.002 0.005 -0.009
0.006 0.003 -0.009 -0.013 0.011 0.002 -0.018 0.000 -0.006 0.003 -0.003 0.004
0.000 0.013 0.010 0.002 0.012 -0.002 -0.017 0.008 -0.007 0.006 0.006 -0.004
0.011 0.001 0.021 0.007 -0.013 -0.006 -0.001 0.003 0.009 0.006 0.015 0.010
0.005 -0.004 0.004 -0.001 -0.007 -0.008 0.001 -0.003 0.008 0.001 0.002 0.004
0.016 0.016 -0.001 -0.003 0.010 -0.012 0.001 -0.005 -0.002 0.000 -0.003 0.006
0.013 0.014 -0.014 -0.004 0.003 -0.010 0.000 -0.007 0.010 -0.002 0.002 0.006
0.019 0.008 0.019 -0.003 0.011 -0.001 0.004 -0.002 0.003 0.008 0.001 -0.002
0.012 -0.003 0.007 0.012 -0.007 0.001 0.016 -0.011 -0.015 -0.006 -0.005 0.007
0.005 -0.030 0.012 0.012 0.007 0.004 0.002 0.003 0.011 -0.001 0.001 0.012
0.017 -0.004 -0.017 -0.010 -0.010 0.001 -0.002 -0.004 -0.003 0.001 0.009 -0.005
0.002 0.004 0.001 -0.015 -0.005 -0.012 0.002 0.006 0.001 0.002 -0.011 0.003
0.020 -0.044 -0.003 0.005 -0.002 0.001 -0.009 -0.004 -0.004 0.010 0.004 -0.007
0.023 0.012 -0.022 0.004 -0.003 -0.001 0.002 0.018 0.001 -0.004 0.001 0.002
0.008 0.018 -0.018 0.013 0.003 0.009 0.014 -0.003 0.008 0.015 -0.003 0.003
0.005 0.004 -0.003 -0.009 -0.010 -0.005 0.000 0.002 0.002 -0.007 0.003 -0.004
-0.008 0.016 0.011 0.002 -0.001 -0.001 0.006 0.002 -0.006 -0.003 -0.002 -0.001
0.008 -0.001 0.011 0.001 -0.006 0.001 -0.010 0.000 0.003 0.008 -0.017 -0.003
0.009 0.008 -0.011 0.009 -0.005 0.001 -0.005 0.006 0.004 -0.002 -0.010 0.000
-0.011 0.024 0.000 0.011 0.008 0.007 -0.007 0.007 -0.009 0.003 0.005 -0.001
0.008 0.008 0.006 0.007 -0.015 -0.001 -0.010 -0.002 0.001 -0.007 0.005 0.000
-0.015 -0.015 -0.022 -0.004 -0.006 -0.013 -0.008 -0.008 -0.004 0.005 -0.012 0.004
-0.008 -0.002 -0.004 -0.009 0.008 0.008 -0.002 -0.003 -0.002 0.008 -0.005 0.006
0.002 0.017 0.005 -0.004 0.000 0.000 0.006 0.009 0.005 0.008 -0.001 0.000
0.000 0.008 -0.011 0.015 -0.009 0.007 0.010 0.009 -0.010 0.005 -0.005 0.006
0.003 0.006 -0.001 0.001 0.000 0.012 -0.003 -0.008 -0.007 0.001 -0.001 0.003
0.007 -0.008 -0.004 0.000 -0.003 0.019 0.001 0.001 -0.009 -0.002 -0.001 -0.003
0.009 0.018 -0.002 0.000 0.004 0.013 0.005 -0.010 0.017 -0.017 -0.007 -0.008
-0.002 -0.012 -0.010 0.003 0.008 -0.013 0.011 -0.003 -0.001 -0.006 0.002 0.000
0.004 0.007 0.003 -0.013 0.012 -0.021 0.007 -0.005 -0.017 -0.001 0.012 0.000
-0.007 0.011 0.015 -0.017 -0.007 0.001 0.005 -0.004 0.000 -0.005 -0.001 -0.008
-0.016 -0.014 -0.004 0.013 0.017 -0.013 -0.003 0.010 0.004 -0.009 -0.003 0.001
-0.016 -0.002 -0.001 -0.004 0.012 -0.004 0.001 0.010 0.005 0.000 0.009 0.007
-0.009 -0.007 0.001 -0.003 0.001 0.008 0.006 0.000 -0.012 0.005 -0.003 -0.015
-0.007 0.001 0.008 -0.008 0.003 0.014 0.000 -0.007 -0.009 0.002 0.001 -0.010
0.011 -0.009 0.006 -0.001 0.017 -0.013 0.008 0.005 0.006 0.005 -0.002 -0.001
0.010 -0.005 -0.010 -0.016 0.004 0.008 -0.004 -0.004 0.007 -0.004 0.000 0.002
-0.015 -0.011 -0.022 -0.017 -0.006 -0.007 -0.003 -0.008 -0.004 -0.003 0.005 0.006
-0.007 -0.004 0.012 0.003 0.015 -0.006 -0.024 -0.009 0.007 -0.010 -0.005 -0.008
-0.015 0.013 -0.019 -0.012 -0.001 0.003 -0.010 0.009 -0.007 -0.004 0.003 -0.001
-0.003 0.005 0.019 -0.004 0.009 -0.002 0.009 -0.006 0.005 -0.004 -0.001 0.001
0.043 -0.015 -0.015 0.005 -0.014 -0.002 -0.002 0.009 0.004 0.000 0.006 -0.015
0.004 -0.005 0.028 0.006 -0.010 0.008 -0.014 -0.001 0.006 -0.009 0.001 0.002
-0.004 -0.007 0.018 -0.021 -0.020 0.007 -0.004 0.026 0.000 -0.008 -0.007 0.010
-0.019 -0.005 -0.012 -0.012 0.000 -0.010 0.001 -0.004 0.009 -0.002 -0.001 0.001
-0.010 -0.003 0.001 -0.014 -0.012 0.000 -0.002 -0.002 0.012 0.013 0.011 0.000
-0.015 -0.028 0.006 -0.009 0.004 0.009 0.013 0.005 -0.012 -0.004 -0.002 0.005






























































PC25 PC26 PC27 PC28 PC29 PC30 PC31 PC32 PC33 PC34 PC35 PC36
0.003 -0.007 0.005 -0.001 0.001 0.003 0.004 -0.001 0.000 -0.002 -0.003 0.001
-0.001 -0.001 0.002 0.000 -0.004 -0.006 0.000 -0.001 0.003 -0.004 -0.002 -0.003
0.002 0.000 -0.002 0.004 0.000 0.002 0.000 0.002 0.000 0.001 0.001 0.000
-0.010 -0.002 -0.002 0.004 -0.005 0.006 -0.001 0.002 0.001 -0.001 0.003 -0.001
0.001 0.000 -0.001 -0.002 0.002 0.001 -0.001 -0.005 -0.001 0.002 0.002 0.003
-0.008 -0.005 0.005 0.000 0.004 -0.005 -0.001 0.002 -0.003 0.004 -0.002 -0.004
0.002 -0.001 0.000 -0.001 0.002 -0.001 -0.004 0.003 -0.005 -0.004 0.000 -0.002
-0.005 0.000 0.007 0.004 0.001 -0.006 0.006 -0.002 0.004 0.002 -0.002 0.001
0.000 0.009 0.003 0.004 0.005 0.002 0.008 -0.002 -0.007 0.003 0.002 -0.001
0.001 -0.008 -0.002 0.002 0.001 0.002 0.002 -0.002 0.001 0.003 0.005 -0.001
0.001 0.008 -0.003 0.007 0.011 0.001 -0.004 0.000 -0.001 -0.001 -0.003 0.001
-0.005 -0.002 -0.003 0.005 -0.002 -0.009 0.001 0.006 -0.003 -0.003 0.000 0.004
0.001 -0.003 0.006 0.011 -0.008 -0.002 0.002 -0.005 -0.001 -0.004 0.002 0.001
-0.005 -0.003 0.002 -0.002 0.003 -0.004 0.004 -0.002 0.002 -0.005 0.001 0.002
0.003 -0.002 0.001 -0.003 -0.001 -0.004 -0.003 -0.001 -0.001 0.005 -0.007 0.002
0.003 0.007 0.005 0.004 0.004 0.000 -0.010 -0.004 0.003 0.000 -0.001 -0.004
-0.009 0.006 -0.001 -0.003 0.007 0.005 -0.001 0.003 -0.002 0.001 0.002 0.004
-0.006 -0.001 0.008 0.004 0.003 0.004 -0.005 0.001 0.001 0.001 0.003 0.004
0.001 -0.003 0.000 -0.003 -0.003 0.002 -0.003 0.001 -0.001 -0.001 0.000 -0.002
0.003 -0.006 0.003 -0.003 0.002 0.003 -0.005 0.005 -0.003 -0.005 0.002 -0.003
0.004 0.008 -0.003 0.001 0.000 0.009 0.009 -0.005 0.000 -0.004 -0.002 -0.001
-0.003 0.008 -0.001 -0.004 0.004 0.004 0.005 0.006 0.000 -0.004 -0.003 0.001
-0.007 0.000 -0.006 0.000 -0.002 -0.004 -0.001 -0.005 0.001 0.003 0.002 -0.003
-0.010 0.000 0.003 -0.003 -0.004 -0.003 0.001 0.007 0.006 0.004 0.006 0.002
0.002 0.001 0.000 -0.003 -0.003 0.002 -0.002 0.001 0.001 0.002 0.002 0.000
0.005 0.010 -0.002 0.002 0.004 -0.008 -0.001 0.003 -0.002 0.000 -0.001 -0.001
0.004 -0.006 0.013 0.003 0.000 -0.004 0.001 0.000 -0.005 0.001 0.001 -0.005
-0.004 0.001 0.003 -0.005 -0.002 0.007 0.002 0.000 0.000 0.003 -0.003 0.002
0.000 -0.003 0.000 0.000 -0.005 0.003 -0.002 0.006 0.001 -0.001 -0.010 0.002
0.001 -0.004 0.002 -0.004 0.012 -0.001 0.001 0.001 0.006 -0.003 -0.001 0.001
0.004 -0.005 0.001 0.012 0.002 0.007 -0.003 0.003 0.003 0.005 -0.001 -0.002
0.008 0.001 -0.008 -0.004 -0.002 0.000 -0.005 -0.002 0.000 0.000 0.003 0.001
-0.003 -0.010 -0.005 -0.005 0.001 -0.002 -0.008 -0.004 -0.008 0.005 0.000 0.002
0.007 -0.009 -0.004 0.005 -0.001 -0.002 0.004 0.002 0.005 -0.003 0.001 -0.002
-0.004 0.003 0.005 -0.007 -0.006 0.000 0.003 -0.002 0.002 -0.001 0.004 -0.002
0.007 0.007 -0.005 0.000 -0.006 -0.001 0.006 0.000 0.002 0.005 0.005 0.000
0.006 -0.004 -0.005 -0.006 0.000 0.001 -0.001 0.002 0.004 0.003 -0.001 0.002
0.011 -0.008 0.000 -0.002 -0.002 -0.001 0.002 0.002 -0.004 -0.002 0.000 0.002
-0.001 -0.001 -0.006 -0.002 -0.001 0.000 0.007 -0.004 -0.002 0.004 -0.003 0.002
0.006 0.005 0.004 -0.001 -0.004 0.001 -0.002 -0.001 -0.003 -0.005 0.004 0.005
-0.006 -0.001 -0.017 0.004 0.000 0.004 0.002 0.001 0.001 -0.001 0.000 -0.002
-0.003 0.004 0.005 -0.002 -0.005 0.002 -0.002 0.003 0.003 0.000 -0.002 -0.003
0.003 -0.003 0.004 -0.004 0.004 0.005 0.003 -0.002 0.004 0.004 0.003 -0.002
0.001 0.000 0.001 -0.006 -0.007 -0.001 -0.002 0.001 -0.003 0.002 -0.003 0.002
0.004 0.006 0.006 0.001 0.001 0.005 -0.002 -0.006 -0.002 0.002 0.000 0.002
-0.007 0.002 0.001 -0.004 0.001 0.002 -0.004 -0.002 -0.002 -0.002 0.001 -0.001
0.000 -0.001 0.004 0.006 -0.005 -0.003 0.004 0.000 -0.001 0.006 -0.003 0.002
0.003 -0.005 -0.001 0.005 -0.002 0.003 -0.005 -0.005 0.010 -0.004 -0.002 0.005
0.006 0.001 -0.001 0.001 -0.003 0.003 0.003 0.004 -0.004 -0.001 -0.005 -0.003
0.006 0.005 -0.006 -0.007 0.000 -0.003 -0.001 0.003 0.002 0.004 0.001 -0.004
0.002 0.009 0.004 -0.007 -0.006 -0.005 -0.001 -0.002 0.002 -0.004 -0.002 -0.001
0.001 -0.004 -0.004 -0.002 0.006 -0.009 0.002 -0.004 -0.002 -0.006 0.002 0.003
-0.002 -0.002 -0.006 0.006 0.001 -0.003 0.001 -0.005 -0.003 0.000 -0.002 -0.002
0.004 0.007 -0.002 0.008 -0.005 -0.001 -0.007 0.003 -0.002 -0.001 0.006 0.001
-0.010 -0.004 0.000 0.002 0.005 0.000 0.004 0.004 -0.003 -0.001 0.001 0.000
0.006 0.005 0.001 0.000 0.001 -0.001 0.004 0.007 -0.001 -0.001 0.002 0.002
0.007 -0.006 0.000 -0.006 0.010 0.000 0.002 -0.002 0.002 0.000 0.002 -0.001
-0.007 0.009 -0.003 0.002 0.002 -0.008 -0.004 -0.002 0.005 0.002 -0.003 0.000






























































PC37 PC38 PC39 PC40 PC41 PC42 PC43 PC44 PC45 PC46 PC47 PC48
-0.001 -0.005 -0.001 -0.003 0.000 0.001 -0.001 -0.002 -0.002 0.002 -0.001 -0.001
-0.003 0.002 -0.001 -0.002 0.002 -0.001 0.001 0.001 0.002 -0.003 0.000 0.000
-0.001 0.000 0.000 0.000 0.000 0.000 0.000 -0.001 0.000 0.000 0.000 0.000
0.002 -0.001 0.002 0.000 0.002 0.000 0.001 -0.001 0.000 0.000 0.001 0.001
-0.002 0.000 0.003 -0.002 0.000 -0.001 0.000 -0.002 0.001 -0.004 0.000 0.001
-0.001 -0.001 0.002 -0.001 0.000 -0.001 -0.001 0.000 0.001 0.002 -0.001 0.001
0.001 0.000 0.001 0.001 0.000 -0.001 0.000 0.001 0.000 0.000 0.000 0.000
0.000 -0.002 0.001 -0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
-0.001 0.002 -0.003 0.002 -0.002 0.002 0.000 0.001 -0.002 0.000 0.001 -0.001
0.002 0.000 -0.001 0.001 0.004 0.002 -0.004 -0.001 0.001 -0.001 0.000 -0.002
0.001 0.000 -0.001 0.002 0.001 0.002 -0.002 -0.003 0.002 0.000 -0.001 0.001
-0.003 0.002 0.000 0.000 -0.001 0.000 0.001 0.003 -0.001 0.000 -0.001 -0.001
0.005 0.000 0.000 -0.004 0.002 -0.001 0.000 0.001 0.001 0.000 -0.001 -0.001
0.002 -0.006 0.001 0.000 0.001 -0.001 -0.001 -0.001 -0.002 0.001 0.000 0.002
0.000 0.003 0.003 0.003 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
0.003 0.000 -0.001 -0.004 -0.001 0.000 0.000 -0.001 -0.001 0.001 0.001 0.001
-0.002 -0.001 -0.001 0.001 0.006 0.000 0.001 0.000 -0.001 0.000 0.001 0.002
-0.001 -0.002 0.002 0.001 -0.002 0.002 0.000 -0.001 0.001 0.000 -0.002 -0.002
0.003 0.003 -0.001 -0.001 0.001 0.000 0.000 0.001 -0.001 0.000 0.000 0.000
-0.002 -0.003 -0.002 0.001 -0.002 0.000 -0.001 0.000 -0.001 0.000 0.000 -0.001
-0.003 -0.003 0.003 0.000 0.001 0.001 0.000 0.001 0.000 -0.001 -0.001 0.000
0.006 0.001 0.001 -0.002 -0.002 -0.003 0.000 -0.002 0.000 -0.001 0.000 0.000
-0.002 -0.001 0.007 0.000 0.002 0.002 -0.001 0.002 -0.001 0.002 0.000 0.000
-0.002 0.002 -0.002 0.000 0.001 0.001 0.000 0.000 0.001 0.001 0.000 0.000
0.000 0.000 -0.002 0.001 0.000 0.000 0.000 -0.001 0.000 0.000 0.000 0.000
-0.002 -0.002 -0.002 -0.001 0.001 0.000 0.002 0.000 -0.001 0.000 -0.001 0.000
-0.002 0.003 -0.002 0.003 0.002 0.000 0.001 -0.001 -0.002 -0.001 0.000 0.002
0.003 0.002 0.002 -0.002 0.002 0.001 0.006 -0.001 0.001 0.002 -0.001 -0.001
-0.002 -0.003 -0.001 0.001 0.000 -0.001 -0.003 0.000 0.001 0.000 -0.001 0.001
0.002 0.003 0.003 -0.002 -0.001 0.002 -0.001 0.002 0.001 0.000 0.003 -0.001
-0.001 0.000 0.001 -0.003 -0.001 -0.001 0.000 0.002 0.000 -0.001 0.001 0.000
0.000 -0.003 0.001 0.002 -0.001 -0.004 0.001 0.001 0.002 0.002 0.001 0.000
0.002 -0.002 0.000 -0.001 -0.002 0.000 0.002 -0.001 -0.001 -0.001 0.000 0.000
-0.003 0.000 0.001 0.004 0.000 -0.001 0.003 -0.005 0.000 0.001 0.002 -0.001
0.000 -0.002 -0.001 0.001 -0.005 0.002 0.000 0.000 0.003 -0.001 -0.001 0.002
0.000 0.002 -0.001 -0.003 0.000 -0.001 -0.002 -0.001 -0.001 0.002 -0.001 0.000
0.004 0.000 0.001 0.003 0.004 -0.001 -0.002 0.001 -0.002 -0.002 -0.001 0.000
0.003 0.001 0.002 0.001 -0.002 0.007 0.001 0.001 0.000 0.000 0.000 0.001
0.000 -0.001 -0.004 0.000 -0.001 0.000 -0.001 0.001 0.000 0.000 0.001 -0.001
0.000 0.004 0.005 0.001 -0.001 -0.002 -0.002 0.000 -0.002 0.000 0.000 0.000
-0.001 0.000 0.000 0.001 -0.003 0.001 0.000 0.000 0.000 0.000 0.000 0.001
0.002 0.000 0.001 0.001 -0.001 0.000 -0.001 0.000 -0.002 0.000 0.000 0.000
0.002 -0.001 -0.002 0.004 -0.001 -0.002 0.002 0.002 0.001 -0.001 -0.001 0.000
-0.003 -0.001 -0.005 -0.004 0.002 0.002 -0.001 -0.001 0.001 0.000 0.002 -0.001
-0.003 0.003 0.000 0.001 0.001 -0.001 0.000 0.001 0.002 0.002 0.000 0.001
-0.005 -0.002 0.003 -0.002 -0.001 -0.001 0.001 0.001 0.000 -0.001 0.001 -0.001
0.002 0.000 0.003 0.001 -0.004 -0.003 -0.001 -0.001 -0.001 -0.001 0.002 0.000
-0.005 0.003 -0.003 0.000 -0.001 0.001 0.001 0.001 -0.002 0.000 -0.001 0.001
-0.001 0.002 -0.001 -0.001 0.002 -0.001 -0.002 0.001 0.002 0.001 0.000 0.000
-0.003 0.003 0.002 -0.004 0.000 0.001 0.000 -0.003 -0.001 -0.001 -0.001 0.000
-0.002 -0.003 0.001 0.003 0.000 0.001 0.000 0.000 -0.001 0.000 0.000 -0.001
0.002 0.003 -0.002 0.000 0.000 0.000 0.000 -0.002 0.002 0.001 0.000 0.001
0.000 -0.002 0.001 0.000 0.002 0.000 0.002 0.000 0.000 -0.001 0.000 -0.001
0.003 -0.004 -0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
-0.001 0.003 0.000 -0.001 0.000 -0.002 0.000 0.000 0.000 0.000 -0.001 0.000
0.001 -0.002 0.001 -0.001 0.000 0.001 0.001 0.002 0.000 -0.001 0.001 0.001
-0.002 -0.001 -0.002 -0.002 -0.001 -0.002 -0.001 0.002 -0.001 0.001 -0.001 0.000
0.004 0.000 -0.003 0.002 -0.001 0.000 0.001 0.002 -0.001 -0.001 0.000 -0.001






























































PC49 PC50 PC51 PC52 PC53 PC54 PC55 PC56 PC57
-0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.001 0.001 0.000 0.000 -0.001 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-0.002 0.000 0.001 0.001 0.000 -0.001 0.000 0.000 0.000
0.001 0.001 0.000 0.000 -0.001 0.000 0.000 0.000 0.000
0.000 -0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.001 0.000 0.000 -0.001 0.000 0.000 0.001 0.000 0.000
0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000
0.001 0.000 0.000 0.001 -0.001 0.000 0.000 0.000 0.000
-0.002 -0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000
0.000 0.000 0.000 -0.001 0.000 -0.001 0.000 0.000 0.000
-0.002 0.000 -0.001 -0.001 0.000 0.000 0.000 0.000 0.000
0.001 -0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000
0.000 0.000 -0.001 0.000 0.000 0.000 0.001 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 -0.001 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 -0.001 0.000 0.000 0.000 0.000 0.000 0.000
-0.001 -0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-0.001 -0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-0.001 0.000 0.000 -0.001 0.001 0.000 0.000 0.000 0.000
0.000 -0.001 -0.001 0.001 0.001 0.000 0.000 0.000 0.000
0.001 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000
0.000 -0.001 0.000 0.000 -0.001 0.000 0.000 0.000 0.000
0.000 0.001 -0.001 0.000 0.000 0.000 0.000 0.000 0.000
0.000 -0.001 0.000 -0.001 0.000 0.000 0.000 0.000 0.000
0.001 -0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.000
0.001 0.001 -0.001 -0.001 0.000 0.000 0.000 0.000 0.000
0.000 -0.001 -0.001 0.000 -0.001 0.000 0.000 0.000 0.000
0.001 -0.001 -0.001 0.000 0.000 0.000 0.000 0.000 0.000
0.001 0.000 -0.001 0.000 0.000 0.001 0.000 0.000 0.000
0.002 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000
0.000 0.000 -0.001 0.000 0.000 0.000 0.000 0.000 0.000
-0.001 -0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.001 -0.002 0.000 0.000 -0.001 0.000 0.000 0.000 0.000
-0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-0.001 0.001 -0.001 0.000 0.000 0.000 0.000 0.000 0.000
0.001 -0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.001 0.000 -0.001 -0.001 0.000 0.000 0.000 0.000
0.001 0.000 -0.001 0.001 0.001 0.000 0.000 0.000 0.000
0.000 0.002 0.001 0.001 0.001 0.000 0.000 0.000 0.000
0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000
0.000 0.001 -0.001 0.000 0.001 -0.001 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.002 -0.001 0.000 -0.001 -0.001 0.000 0.000 0.000
0.001 0.000 0.001 -0.001 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.002 -0.001 0.000 0.000 0.000 0.000 0.000
-0.001 0.000 0.000 0.001 -0.001 0.000 0.000 0.000 0.000
0.000 -0.001 -0.001 0.000 0.000 0.000 0.000 0.000 0.000
-0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
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Appendix F: Interlandmark Distances Calculated From 3D GM Dataset
Taxa Lateral iliac breadth Retroauricular Height Iliac blade height 
Erythrocebus patas 41.406 39.879 98.535
Erythrocebus patas 46.099 51.817 125.655
Erythrocebus patas 49.234 49.709 112.580
Erythrocebus patas 35.833 42.011 99.138
Rhinopithecus roxellana 34.241 42.362 117.890
Rhinopithecus roxellana 49.933 57.886 112.520
Rhinopithecus roxellana 47.472 60.125 116.854
Rhinopithecus roxellana 47.959 52.558 112.629
Rhinopithecus roxellana 44.439 58.049 107.619
Rhinopithecus roxellana 25.221 33.124 86.270
Rhinopithecus roxellana 46.405 57.695 122.277
Rhinopithecus roxellana 41.473 44.563 105.213
Theropithecus gelada 37.308 30.360 114.980
Theropithecus gelada 35.622 33.064 120.418
Theropithecus gelada 47.290 41.494 130.110
Theropithecus gelada 49.554 41.319 128.387
Pan troglodytes schweinfurthii 102.698 46.045 197.832
Pan troglodytes schweinfurthii 93.087 52.908 182.723
Pan troglodytes schweinfurthii 90.202 41.167 176.416
Pan troglodytes schweinfurthii 100.714 42.688 187.562
Pan troglodytes schweinfurthii 92.331 51.060 189.427
Pan troglodytes schweinfurthii 99.230 49.021 187.958
Pan troglodytes schweinfurthii 96.946 36.042 182.404
Pan troglodytes schweinfurthii 102.033 37.892 185.258
Pan troglodytes schweinfurthii 90.921 36.890 178.465
Pan troglodytes schweinfurthii 93.345 41.025 180.214
Pan troglodytes schweinfurthii 89.420 58.630 182.096
Pan troglodytes schweinfurthii 91.056 42.416 181.269
Pan troglodytes schweinfurthii 89.651 45.765 174.043
Pan troglodytes schweinfurthii 104.678 47.672 188.017
Pan troglodytes schweinfurthii 97.794 58.924 190.981
Pan troglodytes schweinfurthii 97.649 52.230 178.216
Pan troglodytes schweinfurthii 93.422 51.006 172.880
Pan troglodytes schweinfurthii 103.854 62.019 194.012
Pan troglodytes schweinfurthii 82.941 47.378 184.310
Pan troglodytes schweinfurthii 101.024 52.944 193.509
Pan troglodytes schweinfurthii 86.115 36.031 178.134
Pan troglodytes schweinfurthii 86.988 45.717 195.763
Pan troglodytes schweinfurthii 99.664 45.532 178.548
Pan troglodytes schweinfurthii 83.929 35.684 180.160
Pan troglodytes schweinfurthii 83.148 31.953 178.366
Pan troglodytes schweinfurthii 94.665 61.732 185.819
Pan troglodytes schweinfurthii 96.297 51.840 199.889
Pan troglodytes schweinfurthii 89.959 35.201 176.642
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Taxa Lateral iliac breadth Retroauricular Height Iliac blade height 
Pan troglodytes schweinfurthii 103.837 58.395 191.008
Pan troglodytes schweinfurthii 81.411 48.913 182.034
Pan troglodytes schweinfurthii 88.816 47.145 193.478
Pan troglodytes schweinfurthii 90.421 45.909 173.459
Pan troglodytes schweinfurthii 104.501 62.546 186.602
Pan troglodytes schweinfurthii 89.487 42.035 182.534
Pan troglodytes schweinfurthii 91.240 52.234 175.197
Pan paniscus 72.974 51.144 168.172
Pan paniscus 82.014 48.699 183.452
Gorilla beringei 143.694 63.503 242.095
Gorilla beringei 188.207 78.709 267.605
Gorilla beringei 154.927 54.756 226.120
Gorilla beringei 188.444 65.248 279.672
Gorilla beringei 165.339 96.659 294.516
Gorilla gorilla 171.855 45.510 225.342
Gorilla gorilla 166.464 57.963 254.384
Gorilla gorilla 169.817 53.848 236.550
Gorilla gorilla 156.688 57.529 198.250
Gorilla gorilla 141.708 63.406 193.355
Gorilla gorilla 129.014 60.249 198.705
Gorilla gorilla 162.561 64.947 264.336
Gorilla gorilla 137.146 51.472 209.009
Gorilla gorilla 159.259 62.037 230.635
Gorilla gorilla 170.281 39.175 231.355
Gorilla gorilla 154.808 53.188 200.177
Gorilla gorilla 165.672 73.262 248.738
Gorilla gorilla 165.417 62.035 243.343
Gorilla gorilla 144.833 50.945 201.156
Gorilla gorilla 170.900 64.772 251.821
Gorilla gorilla 157.298 56.561 241.721
Gorilla gorilla 148.456 42.727 217.511
Gorilla gorilla 154.430 62.643 287.942
Gorilla gorilla 134.330 43.627 198.132
Gorilla gorilla 172.852 56.946 243.584
Gorilla gorilla 170.889 55.924 242.241
Gorilla gorilla 147.814 41.539 209.782
Gorilla gorilla 170.926 59.899 239.919
Gorilla gorilla 149.587 37.914 200.195
Gorilla gorilla 145.620 59.452 198.667
Gorilla gorilla 177.598 58.917 272.817
Gorilla gorilla 129.397 51.695 200.810
Gorilla gorilla 168.452 59.749 230.682
Gorilla gorilla 151.682 39.063 208.506
Gorilla gorilla 171.626 76.822 249.377
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Taxa Lateral iliac breadth Retroauricular Height Iliac blade height 
Gorilla gorilla 202.348 63.136 269.901
Gorilla gorilla 192.167 52.274 247.240
Gorilla gorilla 170.388 59.924 244.229
Gorilla gorilla 138.714 46.807 196.295
Gorilla gorilla 183.853 68.188 251.802
Gorilla gorilla 173.738 69.587 236.069
Gorilla gorilla 182.631 95.514 275.697
Gorilla gorilla 196.363 57.016 261.867
Gorilla gorilla 187.675 50.227 232.025
Gorilla gorilla 139.672 40.275 211.650
Pongo pygmaeus 111.702 45.632 177.457
Pongo pygmaeus 88.341 30.023 141.014
Pongo pygmaeus 95.447 41.263 175.710
Pongo pygmaeus 83.090 33.555 168.257
Pongo pygmaeus 90.812 48.564 182.816
Pongo pygmaeus 100.647 43.879 195.784
Pongo pygmaeus 104.479 43.415 172.466
Pongo pygmaeus 88.708 42.541 169.524
Pongo pygmaeus 70.113 32.681 155.033
Pongo pygmaeus 82.547 33.485 171.696
Pongo pygmaeus 83.665 30.762 159.479
Pongo pygmaeus 88.201 24.918 168.874
Pongo pygmaeus 79.731 34.471 173.434
Pongo pygmaeus 103.940 32.491 161.789
Pongo pygmaeus 121.277 44.227 190.744
Pongo pygmaeus 88.506 33.585 152.166
Pongo pygmaeus 75.536 48.745 168.290
Pongo pygmaeus 100.607 40.436 184.129
Pongo pygmaeus 104.308 32.339 160.343
Pongo pygmaeus 97.244 39.352 172.252
Pongo pygmaeus 89.147 34.265 161.729
Pongo pygmaeus 106.255 44.821 184.088
Pongo pygmaeus 111.542 47.419 177.437
Pongo pygmaeus 100.231 40.998 184.126
Pongo pygmaeus 101.034 36.306 191.227
Pongo pygmaeus 103.910 40.364 180.159
Pongo pygmaeus 82.215 34.937 167.518
Pongo pygmaeus 85.725 36.882 162.696
Pongo pygmaeus 89.644 33.780 190.292
Hylobates agilis 25.653 39.719 84.793
Hylobates agilis 27.979 23.872 90.415
Hylobates agilis 24.683 20.102 82.110
Hylobates agilis 33.956 28.530 94.603
Hylobates klossii 27.556 18.990 78.598
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Taxa Lateral iliac breadth Retroauricular Height Iliac blade height 
Hylobates klossii 34.997 27.359 87.604
Hylobates klossii 31.383 15.680 79.046
Hylobates klossii 35.570 19.398 85.445
Hylobates klossii 40.857 19.783 89.898
Hylobates muelleri 31.630 23.182 95.885
Hylobates muelleri 34.043 20.846 88.375
Hylobates muelleri 37.020 24.212 96.586
Hylobates muelleri 40.641 20.573 88.784
Hylobates muelleri 31.706 24.348 90.461
Hylobates muelleri 26.296 21.045 93.490
Hylobates muelleri 31.043 19.648 93.034
Hylobates muelleri 28.340 21.538 88.672
Hylobates muelleri 29.203 20.926 89.564
Hylobates muelleri 33.982 20.412 89.130
Hylobates pileatus 27.384 18.500 86.507
Hylobates pileatus 26.239 23.200 90.321
Hylobates lar 16.541 12.187 58.677
Hylobates lar 17.174 10.324 63.995
Hylobates lar 21.818 12.445 76.659
Hylobates lar 28.992 19.665 94.227
Hylobates lar 39.050 14.693 96.742
Hylobates lar 31.717 19.321 90.247
Hylobates lar 29.328 19.831 90.481
Nomascus leucogenys 33.415 17.642 100.048
Nomascus concolor 25.804 17.866 83.591
Nomascus concolor 33.867 20.276 95.423
Nomascus concolor 29.383 24.810 93.095
Bunopithecus hoolock 29.881 18.095 101.171
Bunopithecus hoolock 22.604 14.129 81.807
Bunopithecus hoolock 32.793 16.404 94.609
Bunopithecus hoolock 29.259 17.483 91.023
Bunopithecus hoolock 28.497 8.816 79.945
Bunopithecus hoolock 34.126 13.795 98.342
Bunopithecus hoolock 33.812 14.427 95.127
Bunopithecus hoolock 33.324 18.228 97.971
Bunopithecus hoolock 33.271 22.110 95.450
Bunopithecus hoolock 33.890 14.784 93.145
Bunopithecus hoolock 28.857 21.239 93.514
Bunopithecus hoolock 32.764 15.634 100.372
Bunopithecus hoolock 35.966 15.557 91.239
Bunopithecus hoolock 37.810 19.954 89.041
Bunopithecus hoolock 31.749 17.245 98.767
Syndactylus syndactylus 42.614 16.851 102.329
Syndactylus syndactylus 43.451 26.134 116.829
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Taxa Lateral iliac breadth Retroauricular Height Iliac blade height 
Syndactylus syndactylus 45.149 27.418 116.652
Syndactylus syndactylus 43.173 30.079 109.496
Syndactylus syndactylus 51.604 23.651 116.964
Syndactylus syndactylus 50.198 21.685 113.684
Syndactylus syndactylus 51.240 20.095 110.410
Syndactylus syndactylus 50.128 27.702 124.144
Syndactylus syndactylus 55.168 15.083 109.439
Syndactylus syndactylus 50.892 18.781 112.367
Mandrillus sphinx 39.728 35.519 108.523
Mandrillus sphinx 66.018 59.066 139.574
Mandrillus sphinx 46.605 39.664 131.532
Mandrillus sphinx 30.611 25.662 104.342
Papio hamadryas 28.380 23.208 98.149
Papio hamadryas 40.960 44.837 120.972
Papio hamadryas 45.306 47.552 132.379
Papio hamadryas 40.882 43.896 126.379
Papio anubis 33.097 38.990 108.462
Papio anubis 40.428 45.901 141.258
Papio sp 32.636 32.163 109.835
Papio sp 29.845 31.972 110.209
Lophocebus albigena 24.986 26.471 92.917
Lophocebus albigena 24.420 29.222 94.676
Lophocebus albigena 12.990 21.238 78.228
Lophocebus albigena 21.895 30.112 101.470
Macaca tonkeana 30.503 27.217 98.763
Macaca tonkeana 19.955 21.711 75.766
Macaca tonkeana 32.801 29.744 102.720
Macaca tonkeana 24.897 23.187 91.722
Macaca tonkeana 30.738 36.227 100.125
Macaca tonkeana 27.675 30.932 91.838
Macaca tonkeana 30.668 38.655 118.539
Macaca nemestrina 39.739 33.173 111.054
Macaca nemestrina 40.216 40.434 115.657
Macaca nemestrina 32.980 29.879 94.910
Macaca nemestrina 18.251 20.192 79.512
Macaca nemestrina 25.082 25.396 83.703
Macaca fascicularis 15.666 15.118 70.632
Macaca fascicularis 14.267 13.314 65.489
Macaca fascicularis 23.429 23.714 77.650
Macaca fascicularis 19.450 18.820 72.580
Macaca fascicularis 19.598 20.774 82.908
Macaca fascicularis 13.697 14.225 59.563
Macaca mulatta 22.786 20.893 70.861
Macaca mulatta 13.104 17.150 71.414
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Taxa Lateral iliac breadth Retroauricular Height Iliac blade height 
Macaca mulatta 19.561 19.084 72.579
Macaca mulatta 24.438 26.612 64.319
Macaca mulatta 27.765 34.867 69.337
Macaca mulatta 45.329 41.392 94.666
Macaca mulatta 47.556 48.046 115.158
Macaca mulatta 33.254 35.238 105.303
Colobus guereza 31.273 30.201 102.140
Colobus guereza 31.621 35.245 98.245
Colobus guereza 25.659 29.611 92.178
Colobus guereza 25.436 31.491 95.830
Colobus guereza 40.502 44.836 107.671
Colobus guereza 19.172 20.857 64.025
Colobus guereza 22.937 23.805 73.302
Colobus guereza 22.394 21.533 71.960
Colobus guereza 28.753 25.644 86.918
Colobus guereza 33.638 35.882 108.170
Colobus angolensis 29.040 30.571 95.867
Colobus angolensis 31.125 30.705 95.124
Colobus angolensis 41.177 38.417 93.574
Colobus angolensis 38.867 31.388 95.801
Piliocolobus badius 30.061 30.091 86.704
Piliocolobus badius 35.387 32.983 90.970
Piliocolobus badius 34.960 34.387 100.775
Piliocolobus badius 27.686 28.925 91.206
Piliocolobus badius 26.936 25.818 91.036
Piliocolobus badius 28.668 33.196 95.099
Presbytis comata 24.088 21.241 90.700
Presbytis comata 18.085 21.018 81.464
Presbytis comata 22.215 24.174 74.493
Presbytis melalophos 21.742 23.113 81.091
Presbytis melalophos 26.697 26.429 77.997
Presbytis comata 17.117 18.477 64.116
Presbytis sp 18.233 20.987 80.694
Presbytis sp 24.198 24.131 95.923
Trachypithecus johnii 25.564 26.215 103.546
Trachypithecus johnii 24.872 19.420 96.605
Trachypithecus johnii 29.728 27.850 105.938
Trachypithecus johnii 23.994 23.655 104.014
Trachypithecus johnii 29.977 35.082 112.298
Trachypithecus obscurus 18.226 20.286 79.786
Trachypithecus obscurus 17.500 20.563 80.092
Trachypithecus phayrei 22.462 18.791 98.024
Trachypithecus phayrei 25.220 23.291 86.010
Trachypithecus phayrei 23.479 24.292 86.986
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Taxa Lateral iliac breadth Retroauricular Height Iliac blade height 
Trachypithecus phayrei 23.209 55.188 76.029
Chlorocebus pygerythrus 16.841 15.861 68.925
Chlorocebus pygerythrus 16.063 19.822 72.247
Chlorocebus pygerythrus 20.770 20.275 70.992
Chlorocebus pygerythrus 26.895 24.936 87.890
Chlorocebus pygerythrus 21.317 21.501 71.664
Chlorocebus pygerythrus 18.933 16.336 71.215
Chlorocebus pygerythrus 17.752 16.031 69.611
Chlorocebus pygerythrus 22.082 21.392 71.783
Chlorocebus pygerythrus 22.947 24.281 71.089
Chlorocebus pygerythrus 19.155 18.051 66.283
Chlorocebus pygerythrus 28.570 23.592 73.329
Chlorocebus pygerythrus 29.389 23.724 71.034
Chlorocebus pygerythrus 32.085 28.004 80.879
Chlorocebus pygerythrus 25.538 23.700 81.559
Chlorocebus pygerythrus 23.119 19.787 68.617
Chlorocebus aethiops 19.642 20.407 77.469
Chlorocebus aethiops 22.831 22.016 68.370
Chlorocebus aethiops 26.310 22.192 71.230
Cercopithecus albogularis 18.975 24.745 83.721
Cercopithecus albogularis 17.789 17.791 66.503
Cercopithecus sp 25.044 24.624 76.374
Cercopithecus sp 14.991 17.843 70.009
Cercopithecus mitis 26.716 25.894 87.338
Cercopithecus mitis 23.152 28.143 93.388
Cercopithecus mitis 13.874 19.624 83.847
Cercopithecus mitis 16.359 16.946 81.546
Cercopithecus mitis 16.413 19.308 82.596
Cercopithecus mitis 13.326 21.078 78.358
Cercopithecus mitis 27.365 27.596 83.386
Lagothrix lagotricha 19.237 13.828 77.467
Lagothrix lagotricha 21.255 19.592 89.772
Lagothrix lagotricha 16.336 15.622 74.980
Lagothrix lagotricha 18.240 18.407 85.799
Lagothrix lagotricha 13.613 11.271 69.384
Lagothrix lagotricha 19.284 13.657 87.310
Lagothrix lagotricha 17.673 15.525 78.316
Lagothrix lagotricha 18.210 21.838 92.947
Lagothrix lagotricha 16.514 14.030 74.209
Lagothrix lagotricha 34.410 23.493 111.495
Lagothrix lagotricha 20.848 23.666 86.223
Lagothrix lagotricha 17.222 16.911 82.413
Brachyteles arachnoides 39.997 18.571 100.538
Ateles fusciceps 25.577 20.672 98.142
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Taxa Lateral iliac breadth Retroauricular Height Iliac blade height 
Ateles fusciceps 26.539 20.565 99.648
Ateles fusciceps 30.168 13.943 78.935
Ateles fusciceps 30.903 19.512 104.828
Ateles fusciceps 31.208 25.078 106.155
Ateles fusciceps 29.080 21.804 102.697
Ateles fusciceps 32.224 24.476 100.973
Ateles fusciceps 30.656 28.111 112.991
Ateles fusciceps 35.775 18.411 106.914
Ateles geoffroyi 23.885 24.289 102.763
Ateles geoffroyi 33.936 26.366 107.276
Ateles geoffroyi 23.557 21.241 85.271
Ateles bezebuth 24.936 26.026 109.117
Cebus olivaceus 10.169 19.037 65.904
Cebus olivaceus 14.109 20.424 71.144
Cebus olivaceus 12.040 18.204 67.342
Cebus olivaceus 12.612 20.384 66.583
Cebus olivaceus 16.982 19.667 66.225
Cebus apella 13.785 16.269 59.099
Cebus apella 11.254 18.354 60.286
Cebus apella 17.839 18.952 61.637
Cebus apella 10.275 20.364 63.879
Cebus apella 13.374 19.989 63.064
Cebus apella 9.694 18.926 64.799
Cebus apella 14.080 20.009 64.893
Cebus apella 11.366 18.601 59.166
Cebus apella 18.713 23.432 68.733
Cebus apella 12.098 17.399 58.120
Alouatta seniculus 19.733 18.378 89.416
Alouatta seniculus 24.151 21.764 96.729
Alouatta seniculus 22.057 21.953 93.657
Alouatta seniculus 15.204 16.528 90.143
Alouatta palliata 17.339 13.930 84.231
Alouatta palliata 15.499 15.898 78.921
Alouatta palliata 18.420 15.216 80.215
Alouatta palliata 21.053 19.813 84.442
Alouatta palliata 22.066 15.081 89.153
Alouatta palliata 25.429 10.735 91.571
Alouatta palliata 14.743 8.980 73.436
Alouatta palliata 25.072 12.809 87.279
Alouatta palliata 21.274 14.687 88.668
Alouatta palliata 22.560 17.471 88.854
Alouatta palliata 24.391 16.506 86.782
Alouatta palliata 21.071 12.270 75.026
Alouatta palliata 25.057 16.664 80.448
334
Taxa Lateral iliac breadth Retroauricular Height Iliac blade height 
Alouatta palliata 18.943 17.094 95.432
Alouatta palliata 20.187 22.391 101.251
Alouatta palliata 21.037 15.000 83.803
Alouatta palliata 18.608 20.643 89.264
Alouatta palliata 21.297 23.424 78.174
Alouatta palliata 13.516 16.248 71.137
Ardipithecus ramidus 98.522 42.859 118.237
Proconsul nyanzae 48.814 56.481 151.164
Homo sapiens 97.068 60.969 146.438
Homo sapiens 97.991 68.495 146.637
Homo sapiens 100.236 76.239 150.439
Homo sapiens 96.586 78.708 146.157
Homo sapiens 88.140 85.437 145.902
Homo sapiens 96.635 69.995 159.202
Homo sapiens 81.301 69.447 126.158
Homo sapiens 101.180 63.396 148.968
Homo sapiens 103.537 68.427 151.890
Homo sapiens 86.376 76.065 151.892
Homo sapiens 92.970 60.392 137.307
Homo sapiens 94.240 70.821 146.980
Homo sapiens 88.857 59.186 133.252
Homo sapiens 109.651 74.835 159.760
Homo sapiens 111.400 61.941 149.736
Homo sapiens 92.644 58.504 130.975
Homo sapiens 93.036 64.326 136.783
Homo sapiens 93.164 64.140 135.811
Homo sapiens 98.381 65.303 142.582
Homo sapiens 90.780 52.725 129.008
Homo sapiens 89.569 55.522 134.945
Homo sapiens 105.531 66.018 137.854
Australopithecus africanus 77.051 34.690 102.481
Australopithecus afarensis 85.376 29.462 95.717
Propithecus diadema 30.984 25.494 69.228
Propithecus diadema 31.803 26.808 71.260
Propithecus diadema 33.002 31.722 74.773
Propithecus verreauxi 32.633 40.981 74.837
Propithecus verreauxi 31.847 38.316 73.659
Propithecus verreauxi 32.796 33.033 66.716
Propithecus verreauxi 45.497 46.024 96.575
Indri indri 39.113 34.848 77.725
Indri indri 36.005 48.231 96.166
Indri indri 38.356 46.773 89.015
Otolemur crassicaudatus 22.849 27.251 54.132
Otolemur crassicaudatus 21.379 24.952 55.162
335
Taxa Lateral iliac breadth Retroauricular Height Iliac blade height 
Otolemur crassicaudatus 24.186 24.273 59.573
Otolemur crassicaudatus 16.915 15.238 39.973
Otolemur crassicaudatus 16.788 26.019 50.933
Otolemur crassicaudatus 19.648 19.900 55.688
Otolemur crassicaudatus 18.417 15.926 46.536
Otolemur crassicaudatus 23.683 29.096 60.396
Otolemur crassicaudatus 24.327 27.251 61.102
Otolemur crassicaudatus 21.965 25.676 52.863
Otolemur crassicaudatus 18.301 27.724 60.231
Lemur catta 24.851 25.056 63.657
Lemur catta 22.896 25.011 64.658
Lemur catta 14.415 13.988 44.856
Eulemur fulvus albifrons 24.540 22.616 59.990
Eulemur fulvus albifrons 18.817 20.888 65.276
Eulemur fulvus albifrons 21.163 22.454 64.821
Eulemur fulvus albifrons 30.294 25.865 75.696
Eulemur fulvus albifrons 30.219 32.831 73.477
Eulemur fulvus albifrons 20.627 27.014 59.087
Eulemur fulvus albifrons 26.458 33.852 68.826
Eulemur fulvus albifrons 21.729 32.141 69.834
Eulemur fulvus albifrons 25.399 28.122 58.878
Eulemur fulvus albifrons 23.489 31.455 72.303
Eulemur fulvus albifrons 23.856 32.073 73.615
Eulemur fulvus albifrons 27.147 29.788 63.934
Eulemur fulvus albifrons 24.124 23.048 67.982
Eulemur fulvus albifrons 22.226 30.128 71.453
Eulemur fulvus albifrons 23.967 32.247 73.605
Eulemur fulvus albifrons 31.640 35.491 74.828
Eulemur fulvus albifrons 31.668 32.371 76.439
Eulemur fulvus albifrons 17.750 19.732 52.418
Eulemur fulvus albifrons 23.949 31.549 70.793
Hapalemur griseus 16.333 19.780 45.702
Hapalemur griseus 13.670 16.748 44.768
Hapalemur griseus 16.416 18.605 47.710
Hapalemur griseus 14.031 16.838 51.818
Hapalemur griseus 19.800 19.619 52.165















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Ischial Spine Iliac Width Acetabulum height Max innom. height
62.446 18.711 43.911 82.203
75.938 72.278 41.438 110.218
71.338 67.506 38.975 98.880
56.162 49.893 27.217 88.991
84.496 79.087 46.744 103.933
58.607 52.652 28.336 100.908
72.945 66.315 37.428 103.964
76.288 68.683 39.412 100.434
77.795 69.971 40.838 96.012
46.333 45.511 26.010 75.081
79.666 75.240 43.666 107.445
64.560 58.412 32.760 93.769
86.288 81.106 48.562 101.336
89.652 85.281 51.212 105.735
92.481 88.956 53.112 113.738
94.670 94.987 58.377 110.938
131.350 122.910 71.325 174.341
114.285 107.386 61.601 160.875
109.295 98.500 55.277 157.392
121.913 113.312 65.226 165.656
114.214 103.767 58.063 168.660
129.043 120.203 70.167 165.882
112.209 102.090 57.437 162.279
121.990 110.784 63.327 164.789
119.311 106.751 60.905 159.444
109.719 98.862 55.238 160.836
124.349 115.795 67.497 160.721
113.028 102.057 57.411 161.614
117.509 105.324 60.286 155.406
126.352 115.770 66.759 166.776
125.827 118.615 68.951 167.911
124.652 114.780 66.986 157.857
108.874 100.267 57.046 153.175
129.849 114.789 65.227 173.947
121.038 105.918 59.666 165.757
135.880 125.794 73.645 171.128
118.833 104.962 59.573 159.753
115.502 107.366 60.466 173.120
119.565 108.243 62.061 158.957
119.597 105.499 59.771 161.636
117.466 106.503 60.842 158.736
133.395 119.292 69.362 166.044
122.759 114.063 64.798 176.667















































Ischial Spine Iliac Width Acetabulum height Max innom. height
107.074 99.525 55.437 169.124
104.209 93.237 51.160 163.016
127.621 117.071 67.233 171.568
119.727 106.997 61.541 155.011
126.188 116.411 67.424 165.173
118.956 105.910 59.909 163.348
108.266 99.820 56.572 155.211
116.298 105.161 60.770 149.767
119.286 113.683 66.247 160.731
173.004 140.304 79.724 222.033
184.966 159.693 90.902 241.507
168.268 143.115 83.020 204.907
191.912 164.566 93.302 252.878
197.382 176.742 100.931 263.062
173.144 153.989 91.108 201.842
172.291 153.602 87.824 227.499
165.603 145.379 83.459 212.482
150.308 133.765 78.857 177.503
150.280 131.654 77.868 173.933
132.347 110.615 61.748 180.946
180.756 168.217 98.061 233.353
145.331 128.553 73.833 187.337
173.748 155.086 91.337 206.307
165.067 146.307 84.688 207.256
151.954 133.353 78.357 179.919
184.906 168.641 99.626 221.099
175.082 162.300 95.644 215.168
159.335 146.415 88.181 178.714
176.711 154.178 88.410 226.591
173.177 154.392 89.634 216.185
148.857 132.485 75.917 194.614
187.700 146.140 80.028 266.816
150.685 138.609 82.616 175.769
181.721 166.312 98.459 216.315
173.119 151.268 87.236 217.885
144.520 130.472 75.277 186.911
164.481 138.153 77.908 218.144
145.046 123.886 71.333 181.195
144.304 125.577 72.685 178.904
175.206 151.516 84.486 246.241
141.998 123.072 70.601 181.025
175.065 144.530 83.997 210.645
141.252 120.646 68.068 188.748















































Ischial Spine Iliac Width Acetabulum height Max innom. height
209.392 182.143 107.506 243.240
187.393 162.185 94.952 223.048
176.876 153.970 89.049 219.913
152.387 129.849 76.361 177.860
178.603 148.335 84.372 229.580
179.808 159.069 93.749 211.725
200.558 172.891 99.883 248.914
175.670 151.057 85.139 236.631
172.767 144.978 83.918 210.992
139.769 114.478 63.451 193.754
134.681 115.114 67.252 160.625
112.119 98.108 58.407 126.946
123.565 104.121 59.227 159.608
102.221 89.095 49.068 151.654
134.936 114.805 66.432 165.644
120.789 99.666 54.154 179.060
126.573 106.931 61.681 156.553
99.607 82.582 44.274 154.989
87.296 70.806 37.227 142.645
114.549 90.813 50.246 158.403
93.757 78.465 42.201 145.448
109.085 92.587 51.414 153.203
117.236 94.460 52.616 159.373
128.331 108.588 64.231 146.897
136.346 120.917 70.040 170.850
102.828 84.423 47.168 139.185
114.213 97.573 55.083 152.332
128.466 110.245 62.828 166.443
129.116 107.489 63.783 146.198
125.007 102.076 58.357 157.707
115.159 96.955 55.358 146.937
143.392 128.543 76.509 164.580
129.473 114.757 66.846 158.976
127.486 117.495 68.422 163.038
115.917 99.297 54.303 173.209
131.628 114.058 66.062 162.432
115.241 94.257 52.938 153.350
105.499 88.400 48.972 148.099
130.687 112.101 63.578 172.045
53.693 47.258 26.414 76.162
50.486 46.535 25.780 80.278
48.135 43.164 23.845 73.442
54.684 52.455 29.936 82.837















































Ischial Spine Iliac Width Acetabulum height Max innom. height
51.328 43.710 23.629 79.530
42.418 33.704 17.353 73.161
49.135 38.957 20.492 79.008
48.959 38.573 19.904 83.338
51.266 43.900 23.214 87.107
46.485 37.136 19.035 81.731
53.408 44.751 23.664 88.178
57.358 47.151 25.970 81.223
47.271 37.668 19.253 83.722
55.686 46.268 24.922 85.404
51.577 42.622 22.441 85.234
51.104 41.594 22.047 81.478
52.722 42.788 22.811 82.322
45.021 37.035 18.967 81.941
47.165 38.086 19.802 79.736
46.601 37.944 19.468 83.196
34.377 29.231 15.793 53.291
37.035 31.034 16.623 58.364
38.276 30.858 15.628 70.837
51.413 38.165 19.467 88.439
49.607 38.755 19.573 89.970
50.547 39.587 20.584 83.725
47.533 37.209 18.948 84.065
61.962 48.814 26.292 92.528
51.316 44.036 24.183 75.661
54.482 45.618 24.334 87.069
50.541 43.470 23.121 84.437
61.392 53.725 29.626 91.084
45.445 36.121 18.802 75.654
52.540 41.575 21.613 87.583
49.891 39.826 20.668 84.117
42.361 35.123 18.281 73.261
56.859 48.499 26.138 89.264
52.905 42.608 22.269 87.698
53.522 41.612 21.422 91.084
53.233 45.711 24.465 86.552
54.345 41.748 21.931 86.712
52.545 43.994 23.362 85.359
54.189 42.098 21.584 93.354
55.752 44.433 23.874 84.173
49.373 39.200 20.387 82.368
52.391 44.226 23.195 90.089
63.371 52.503 28.592 93.484















































Ischial Spine Iliac Width Acetabulum height Max innom. height
75.929 59.573 32.633 107.909
66.566 52.718 28.242 101.173
71.905 59.793 32.523 106.765
67.811 54.261 28.948 104.823
68.322 54.657 29.513 101.748
73.610 61.263 32.973 113.367
69.075 51.354 27.699 102.441
62.272 52.368 27.748 102.483
73.944 65.508 37.433 97.231
94.954 83.747 47.764 125.213
78.868 73.227 41.361 116.326
69.333 60.887 34.452 93.735
63.172 55.090 30.825 88.375
87.932 88.565 54.384 104.348
101.678 93.574 55.927 117.451
96.867 93.768 57.117 110.524
70.045 64.629 37.022 96.019
110.967 106.286 64.829 124.038
68.210 60.257 33.555 98.575
84.478 77.092 45.925 98.008
66.127 61.325 36.047 82.138
59.384 55.172 31.492 83.656
43.713 35.216 18.434 72.107
65.278 61.624 35.656 89.180
78.686 74.551 45.437 87.038
50.179 43.888 24.777 68.145
81.592 77.969 47.640 90.303
69.919 63.747 37.907 81.579
83.931 80.392 49.811 88.250
75.995 76.058 47.834 80.024
88.248 82.918 49.542 104.462
87.144 83.753 51.142 97.419
81.830 68.410 38.926 105.274
74.633 69.176 41.699 84.101
54.490 50.186 29.143 70.418
61.628 54.724 31.975 74.961
44.958 37.312 20.502 64.472
43.112 36.557 20.409 59.414
46.716 41.797 23.212 69.464
46.980 39.192 21.675 66.147
48.252 42.164 22.986 74.735
32.602 28.038 14.943 54.013
39.190 32.574 17.175 64.827















































Ischial Spine Iliac Width Acetabulum height Max innom. height
42.561 35.690 19.194 66.162
37.060 33.907 18.840 57.197
30.266 25.363 12.639 63.743
63.325 55.666 31.566 85.014
63.100 57.590 31.605 102.619
54.491 42.970 21.825 97.711
69.598 62.500 35.886 91.148
54.848 50.175 27.683 87.439
63.697 60.888 36.017 80.702
64.615 61.596 36.188 83.957
68.663 64.641 37.276 94.721
33.888 30.266 16.294 57.490
40.543 35.784 19.349 65.966
39.377 35.902 19.687 64.147
62.730 58.047 34.210 76.898
67.614 64.926 37.667 94.562
63.282 55.922 31.654 85.969
57.370 53.618 30.428 83.941
59.482 53.502 30.193 83.505
61.946 52.212 28.945 87.073
50.591 41.581 22.187 79.457
56.628 50.832 28.511 81.253
63.185 55.662 31.040 90.505
60.846 55.013 31.495 81.232
54.989 47.311 25.889 82.363
57.349 49.799 27.333 85.817
54.971 45.016 24.276 83.136
44.240 39.735 21.580 72.969
45.965 42.846 24.405 65.766
60.741 48.736 28.127 74.553
51.736 44.177 24.767 70.623
39.968 34.959 19.412 57.707
46.177 40.973 22.393 72.444
56.363 52.306 29.405 84.881
69.660 58.424 32.742 94.198
56.344 49.122 26.767 87.136
64.487 56.664 31.323 95.258
69.881 62.313 35.554 93.019
64.998 54.857 29.458 102.222
49.144 42.613 23.510 72.003
46.998 41.369 22.669 72.032
64.612 60.498 35.059 86.368
50.467 44.606 24.487 77.261















































Ischial Spine Iliac Width Acetabulum height Max innom. height
42.991 36.069 19.202 69.352
54.787 49.562 29.741 61.502
57.831 53.003 31.986 64.256
47.941 39.232 21.901 64.989
54.320 47.842 26.577 78.955
58.310 56.060 34.533 62.983
55.960 52.686 31.927 62.831
47.149 39.962 22.500 63.146
58.331 53.261 32.239 63.943
52.351 50.841 30.735 62.018
52.254 48.811 29.520 58.614
56.356 51.173 30.459 65.306
48.657 42.775 24.417 63.783
55.180 53.865 32.109 70.329
52.580 43.647 24.079 74.429
57.053 46.749 28.021 62.828
52.051 44.864 25.316 69.956
46.013 36.468 20.239 63.075
59.152 50.245 30.180 64.669
56.774 53.257 31.093 73.724
42.852 35.022 19.249 60.931
46.202 38.492 20.847 69.700
46.727 36.106 19.932 64.963
51.351 45.074 24.683 78.610
54.713 50.427 28.230 82.823
51.791 41.670 22.514 77.165
50.265 36.318 19.399 76.771
49.167 33.620 17.748 78.521
50.395 36.133 19.655 73.827
46.086 40.763 22.059 74.995
55.570 47.429 27.222 70.127
65.574 52.622 30.099 82.534
49.645 41.401 23.056 68.323
65.460 52.996 30.803 78.718
44.548 36.954 20.357 63.333
63.355 52.424 30.024 79.675
48.315 38.396 20.685 72.288
53.272 45.194 24.249 84.508
51.850 42.518 24.013 67.882
71.434 64.505 36.534 99.370
61.691 47.618 26.984 79.975
51.763 37.274 20.068 77.614
74.589 57.923 33.281 93.113















































Ischial Spine Iliac Width Acetabulum height Max innom. height
59.760 53.266 29.509 89.249
45.341 39.995 21.820 70.981
68.366 57.074 31.644 95.509
72.722 60.524 34.056 96.752
67.589 55.857 30.984 93.804
69.976 64.412 37.500 89.442
70.285 63.596 35.787 100.679
79.567 71.774 42.262 95.336
66.139 56.766 31.595 92.946
65.630 57.108 31.490 96.725
56.449 52.312 30.203 75.375
67.745 61.747 34.844 97.011
39.954 35.395 19.611 59.122
46.358 41.336 23.394 63.638
37.362 32.362 17.362 60.925
42.190 36.383 20.192 60.155
48.227 40.609 23.353 60.165
39.418 36.695 21.267 52.166
40.988 37.943 22.037 53.306
41.079 36.306 20.605 55.268
41.156 39.151 22.748 56.003
41.410 37.447 21.353 56.170
38.539 33.109 18.031 58.667
40.185 36.096 20.225 57.954
41.616 38.059 22.184 52.516
40.525 34.891 18.972 62.202
37.529 32.654 18.273 52.364
65.094 55.194 31.779 81.087
72.681 59.458 34.405 88.521
70.663 57.229 33.134 85.917
68.769 59.329 34.780 81.397
60.075 52.304 30.116 75.838
55.110 49.565 28.660 70.397
55.059 45.848 25.817 73.099
59.887 52.085 29.932 76.050
66.463 55.818 32.326 81.055
62.389 53.641 30.370 82.741
57.761 48.127 28.337 66.924
60.969 51.554 29.287 79.210
60.460 50.157 28.162 80.883
63.384 56.060 32.427 79.647
62.284 52.377 29.973 78.868
53.715 45.676 26.178 67.985















































Ischial Spine Iliac Width Acetabulum height Max innom. height
69.305 58.201 33.423 86.760
70.433 60.484 34.444 91.510
64.129 56.178 33.074 75.367
66.952 58.155 33.967 80.444
53.904 48.756 28.156 69.613
57.923 51.147 30.723 63.929
125.694 113.992 74.351 107.862
96.336 86.844 49.085 134.802
139.323 126.046 79.596 132.001
141.122 123.636 78.045 133.135
141.909 126.004 79.162 136.020
132.142 118.649 73.732 131.449
152.251 133.093 86.147 133.474
130.934 115.615 69.656 143.114
137.235 124.324 81.623 115.482
145.277 124.978 79.146 135.857
146.824 128.057 80.921 138.070
156.727 135.792 87.571 138.993
142.269 122.972 79.408 125.743
146.871 131.609 84.203 133.333
133.986 118.409 75.808 121.239
150.710 128.593 80.542 145.628
134.090 117.157 72.305 135.419
141.567 128.195 84.006 119.784
138.690 128.591 83.005 123.634
132.802 122.257 78.032 122.360
139.404 122.547 77.757 129.529
125.312 115.818 73.840 116.068
128.742 116.367 73.531 121.692
131.692 118.665 74.977 124.404
93.681 85.737 53.643 91.858
108.004 90.058 59.956 88.863
40.685 33.865 18.180 63.227
34.670 24.982 12.158 67.390
39.836 34.438 18.273 67.757
41.009 32.931 17.119 69.063
44.920 34.284 18.284 68.616
33.888 27.828 14.263 61.352
49.442 44.314 23.728 86.718
40.371 35.612 18.968 70.085
49.024 40.253 20.650 88.428
48.180 35.850 18.238 83.521
32.787 28.320 15.531 48.919








































Ischial Spine Iliac Width Acetabulum height Max innom. height
35.276 30.993 17.010 53.597
33.485 29.929 18.175 35.847
30.032 26.811 14.802 45.611
33.136 27.219 14.608 51.021
35.474 31.792 18.807 41.589
40.141 35.303 19.987 54.233
36.366 31.741 17.396 55.072
32.453 28.530 15.809 47.520
37.862 33.834 18.988 53.863
39.103 34.067 18.814 57.372
35.766 31.403 16.938 58.275
23.158 19.391 10.063 41.031
35.067 29.272 15.704 54.756
38.210 32.758 17.748 59.152
37.567 32.615 17.713 58.545
40.856 35.479 18.925 68.483
44.161 39.639 22.040 65.668
34.026 27.649 14.645 54.316
37.804 32.539 17.365 62.393
40.201 34.731 18.790 63.170
31.320 27.871 14.993 52.917
39.953 35.601 19.334 64.886
35.730 30.781 15.946 66.962
33.733 28.701 15.083 58.202
49.216 37.737 21.482 63.140
38.620 33.941 18.214 64.422
43.588 39.501 21.983 65.609
41.817 34.039 17.875 68.801
40.993 34.122 17.846 69.957
30.979 27.447 15.110 47.046
46.413 32.988 18.107 66.785
34.122 28.763 16.676 41.511
29.646 25.333 14.199 40.528
29.550 27.249 15.452 42.264
35.058 30.402 17.220 46.712
30.645 26.857 14.694 46.973



































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix G: Specimen Details and Raw Data for Trabecular Study
367
Taxa Institution  Collection ID Category Group Habitat Posture Sex
Avahi laniger AMNH 100637 VCL primate Arboreal Orthograde U
Avahi laniger AMNH 170461 VCL primate Arboreal Orthograde M
Avahi laniger AMNH 170494 VCL primate Arboreal Orthograde F
Dendrolagus lumholtzi AMNH 65248 C marsupial Arboreal Semi M
Dendrolagus lumholtzi AMNH 65251 C marsupial Arboreal Semi F
Dendrolagus lumholtzi AMNH 65257 C marsupial Arboreal Semi M
Dendrolagus lumholtzi AMNH 65260 C marsupial Arboreal Semi F
Dendrolagus lumholtzi AMNH 65245 C marsupial Arboreal Semi M
Dendrolagus lumholtzi AMNH 65259 C marsupial Arboreal Semi F
Dipodomys merriami AMNH 137059 Biped rodent Terrestrial Semi F
Dipodomys merriami AMNH 137060 Biped rodent Terrestrial Semi F
Dipodomys merriami AMNH 207644 Biped rodent Terrestrial Semi M
Dipodomys merriami AMNH 207645 Biped rodent Terrestrial Semi M
Dipodomys merriami AMNH 207646 Biped rodent Terrestrial Semi F
Eulemur albifrons AMNH 170705 AQ primate Arboreal Orthograde F
Eulemur albifrons AMNH 170708 AQ primate Arboreal Orthograde F
Eulemur albifrons AMNH 170715 AQ primate Arboreal Orthograde F
Eulemur albifrons AMNH 170717 AQ primate Arboreal Orthograde F
Eulemur albifrons AMNH 170723 AQ primate Arboreal Orthograde F
Eulemur albifrons AMNH 170724 AQ primate Arboreal Orthograde F
Gorilla  gorilla AMNH 167335 KW primate Terrestrial Orthograde M
Gorilla  gorilla AMNH 167336 KW primate Terrestrial Orthograde M
Gorilla  gorilla AMNH 167339 KW primate Terrestrial Orthograde F
Gorilla  gorilla AMNH 167340 KW primate Terrestrial Orthograde F
Gorilla  gorilla AMNH 167337 KW primate Terrestrial Orthograde F
Hapalemur griseus AMNH 170668 VCL primate Arboreal Orthograde F
Hapalemur griseus AMNH 170672 VCL primate Arboreal Orthograde F
Hapalemur griseus AMNH 170680 VCL primate Arboreal Orthograde F
Hapalemur griseus AMNH 170689 VCL primate Arboreal Orthograde F
Hapalemur griseus AMNH 170691 VCL primate Arboreal Orthograde M
Hapalemur griseus AMNH 170675 VCL primate Arboreal Orthograde M
Hylobates hoolock AMNH 43065 Suspensory primate Arboreal Orthograde F
Hylobates hoolock AMNH 80068 Suspensory primate Arboreal Orthograde F
Hylobates hoolock AMNH 83413 Suspensory primate Arboreal Orthograde M
Hylobates hoolock AMNH 83416 Suspensory primate Arboreal Orthograde F
Hylobates hoolock AMNH 83417 Suspensory primate Arboreal Orthograde M
Hylobates hoolock AMNH 112720 Suspensory primate Arboreal Orthograde M
Jaculus blanfordi AMNH 212113 Biped rodent Terrestrial Semi F
Jaculus blanfordi AMNH 212114 Biped rodent Terrestrial Semi F
Jaculus blanfordi AMNH 212115 Biped rodent Terrestrial Semi M
Jaculus blanfordi AMNH 244427 Biped rodent Terrestrial Semi F
Jaculus blanfordi AMNH 244426 Biped rodent Terrestrial Semi F
Lemur catta AMNH 170740 Quadruped primate Terrestrial Pronograde M
Lemur catta AMNH 170739 Quadruped primate Terrestrial Pronograde M
Lepilemur  mustelinus AMNH 170553 VCL primate Arboreal Orthograde M
Lepilemur leucopus AMNH 170552 VCL primate Arboreal Orthograde F
Lepilemur leucopus AMNH 170556 VCL primate Arboreal Orthograde F
Lepilemur leucopus AMNH 170559 VCL primate Arboreal Orthograde M
Lepilemur leucopus AMNH 170561 VCL primate Arboreal Orthograde M
Lepilemur leucopus AMNH 170563 VCL primate Arboreal Orthograde F
Macropus giganteus AMNH 42904 Biped marsupial Terrestrial Semi M
Macropus  robustus AMNH 65029 Biped marsupial Terrestrial Semi F
Macropus giganteus AMNH 66172 Biped marsupial Terrestrial Semi F
Macropus parryi AMNH 65044 Biped marsupial Terrestrial Semi F
Macropus parryi AMNH 65054 Biped marsupial Terrestrial Semi F
Macropus robustus AMNH 42905 Biped marsupial Terrestrial Semi F
Macropus robustus AMNH 65036 Biped marsupial Terrestrial Semi M
Macropus robustus AMNH 197080 Biped marsupial Terrestrial Semi F
Microcebus murinus AMNH 174385 Quadruped primate Arboreal Pronograde F
Microcebus murinus AMNH 174471 Quadruped primate Arboreal Pronograde M
Microcebus murinus AMNH 185627 Quadruped primate Arboreal Pronograde M
Microcebus murinus AMNH 185628 Quadruped primate Arboreal Pronograde F
Microcebus murinus AMNH 185629 Quadruped primate Arboreal Pronograde M
Otolemur crassicaudatus AMNH 187364 Quadruped primate Arboreal Pronograde F
Otolemur crassicaudatus AMNH 216240 Quadruped primate Arboreal Pronograde F
Otolemur crassicaudatus AMNH 216241 Quadruped primate Arboreal Pronograde F
Otolemur crassicaudatus AMNH 216244 Quadruped primate Arboreal Pronograde M
Otolemur crassicaudatus AMNH 216239 Quadruped primate Arboreal Pronograde M
Pan troglodytes AMNH 51377 KW primate Terrestrial Orthograde M
Pan troglodytes AMNH 51393 KW primate Terrestrial Orthograde M
Pan troglodytes AMNH 90292 KW primate Terrestrial Orthograde F
Pan troglodytes AMNH 167343 KW primate Terrestrial Orthograde F
Pan troglodytes AMNH 174860 KW primate Terrestrial Orthograde F
Papio  anubis AMNH 187369 Quadruped primate Terrestrial Pronograde M
Papio anubis AMNH 52668 Quadruped primate Terrestrial Pronograde F
Papio anubis AMNH 51380 Quadruped primate Terrestrial Pronograde M
Papio hamadryas AMNH 82096 Quadruped primate Terrestrial Pronograde U
Papio hamadryas AMNH 82097 Quadruped primate Terrestrial Pronograde U
Papio hamadryas AMNH 52676 Quadruped primate Terrestrial Pronograde M
Papio sp. AMNH 82094 Quadruped primate Terrestrial Pronograde U
Papio ursinus AMNH 216250 Quadruped primate Terrestrial Pronograde U
Papio ursinus AMNH 120388 Quadruped primate Terrestrial Pronograde M
Pedetes capensis AMNH 42025 Biped rodent Terrestrial Semi M
Pedetes capensis AMNH 42057 Biped rodent Terrestrial Semi F
Pedetes capensis AMNH 81747 Biped rodent Terrestrial Semi U
Pedetes capensis AMNH 169245 Biped rodent Terrestrial Semi M
Pedetes capensis AMNH 216270 Biped rodent Terrestrial Semi M
Pedetes capensis AMNH 216272 Biped rodent Terrestrial Semi F
Pedetes capensis AMNH 216271 Biped rodent Terrestrial Semi M
Petrogale herberti AMNH 65236 Biped marsupial Terrestrial Semi M
Petrogale herberti AMNH 65238 Biped marsupial Terrestrial Semi F
Petrogale herberti AMNH 65240 Biped marsupial Terrestrial Semi M
Petrogale herberti AMNH 65241 Biped marsupial Terrestrial Semi M
Petrogale lateralis AMNH 197653 Biped marsupial Terrestrial Semi M
Phascolarctos cinereus AMNH 107805 C marsupial Arboreal Orthograde M
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Phascolarctos cinereus AMNH 65607 C marsupial Arboreal Orthograde M
Phascolarctos cinereus AMNH 65608 C marsupial Arboreal Orthograde M
Phascolarctos cinereus AMNH 65609 C marsupial Arboreal Orthograde M
Pongo pygmaeus AMNH 140426 Suspensory primate Arboreal Orthograde M
Pongo pygmaeus AMNH 61586 Suspensory primate Arboreal Orthograde M
Pongo pygmaeus AMNH 200898 Suspensory primate Arboreal Orthograde F
Pongo pygmaeus AMNH 200900 Suspensory primate Arboreal Orthograde F
Pongo pygmaeus AMNH 202511 Suspensory primate Arboreal Orthograde U
Pongo pygmaeus AMNH 239847 Suspensory primate Arboreal Semi F
Potorous tridactylus AMNH 65301 Biped marsupial Terrestrial Semi F
Potorous tridactylus AMNH 65303 Biped marsupial Terrestrial Semi F
Potorous tridactylus AMNH 65304 Biped marsupial Terrestrial Semi M
Potorous tridactylus AMNH 65305 Biped marsupial Terrestrial Semi F
Potorous tridactylus AMNH 65308 Biped marsupial Terrestrial Semi F
Propithecus verreauxi AMNH 170474 VCL primate Arboreal Orthograde F
Propithecus verreauxi AMNH 170491 VCL primate Arboreal Orthograde F
Propithecus verreauxi AMNH 257141 VCL primate Arboreal Orthograde F
Propithecus verreauxi AMNH 170463 VCL primate Arboreal Orthograde M
Ptilocercus lowii FMNH 76855 Quadruped treeshrew Arboreal Orthograde U
Ptilocercus lowii MCZ 5173 Quadruped treeshrew Arboreal Orthograde U
Ptilocercus lowii YPM 6873 Quadruped treeshrew Arboreal Orthograde U
Rattus norvegicus AMNH 238594 Quadruped rodent Terrestrial Pronograde M
Rattus norvegicus AMNH 238596 Quadruped rodent Terrestrial Pronograde M
Rattus norvegicus AMNH 238621 Quadruped rodent Terrestrial Pronograde F
Rattus norvegicus AMNH 245053 Quadruped rodent Terrestrial Pronograde U
Rattus norvegicus AMNH 238598 Quadruped rodent Terrestrial Pronograde M
Rattus norvegicus AMNH 238622 Quadruped rodent Terrestrial Pronograde F
Setonix brachyurus AMNH 160036 Biped marsupial Terrestrial Semi M
Setonix brachyurus AMNH 160041 Biped marsupial Terrestrial Semi F
Setonix brachyurus AMNH 160042 Biped marsupial Terrestrial Semi F
Setonix brachyurus AMNH 160043 Biped marsupial Terrestrial Semi F
Setonix brachyurus AMNH 160044 Biped marsupial Terrestrial Semi F
Sthenurus tindalei AMNH 117493 Biped marsupial Terrestrial Semi U
Tarsius sp. AMNH 150414 VCL primate Arboreal Orthograde U
Tarsius syrichta AMNH 150448 VCL primate Arboreal Orthograde U
Thylogale stigmatica AMNH 65129 Biped marsupial Terrestrial Semi M
Thylogale stigmatica AMNH 65140 Biped marsupial Terrestrial Semi U
Thylogale billardierri AMNH 65205 Biped marsupial Terrestrial Semi M
Thylogale billardierri AMNH 65215 Biped marsupial Terrestrial Semi M
Thylogale stigmatica AMNH 77747 Biped marsupial Terrestrial Semi F
Tupaia glis AMNH 55562 Quadruped treeshrew Terrestrial Orthograde U
Tupaia sp. AMNH 215174 Quadruped treeshrew Unknown Pronograde M
Tupaia sp. AMNH 215175 Quadruped treeshrew Unknown Pronograde F
Tupaia sp. AMNH 215176 Quadruped treeshrew Unknown Pronograde M
Tupaia tana AMNH 106483 Quadruped treeshrew Terrestrial Pronograde M
Tupaia tana AMNH 106485 Quadruped treeshrew Terrestrial Pronograde F
Vombatus ursinus AMNH 61619 Quadruped marsupial Arboreal Pronograde F
Vombatus ursinus AMNH 65622 Quadruped marsupial Arboreal Pronograde F
Vombatus ursinus AMNH 65625 Quadruped marsupial Arboreal Pronograde F
Vombatus ursinus AMNH 65631 Quadruped marsupial Arboreal Pronograde M
H. sapiens AMNH 98-63 Biped primate Terrestrial Orthograde M
H. sapiens AMNH 98-64 Biped primate Terrestrial Orthograde M
H. sapiens AMNH 98-66 Biped primate Terrestrial Orthograde M
H. sapiens AMNH 98-71 Biped primate Terrestrial Orthograde M
H. sapiens AMNH 98-99 Biped primate Terrestrial Orthograde F
H. sapiens AMNH 98-117 Biped primate Terrestrial Orthograde F
H. sapiens AMNH 98-132 Biped primate Terrestrial Orthograde F
Tarsius AMNH 206756 VCL primate Arboreal Orthograde M
Cercopithecus mitis AMNH 52368 Quadruped primate Arboreal Pronograde M
Cercopithecus mitis AMNH 52398 Quadruped primate Arboreal Pronograde M
Cercopithecus mitis AMNH 52402 Quadruped primate Arboreal Pronograde M
Cercopithecus mitis AMNH 52410 Quadruped primate Arboreal Pronograde F
Cercopithecus mitis AMNH 82412 Quadruped primate Arboreal Pronograde F
Cercopithecus mitis AMNH 82415 Quadruped primate Arboreal Pronograde F
Cebus apella AMNH 95759 Quadruped primate Arboreal Pronograde F
Cebus apella AMNH 133656 Quadruped primate Arboreal Pronograde M
Cebus apella AMNH 133662 Quadruped primate Arboreal Pronograde M
Cebus apella AMNH 133665 Quadruped primate Arboreal Pronograde M
Cebus apella AMNH 133674 Quadruped primate Arboreal Pronograde F
Cebus apella AMNH 188041 Quadruped primate Arboreal Pronograde F
Institution  Collection ID Category Group Habitat Posture SexTaxa
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Locality Resolution Original Scan Size Acetabulum Length (mm) BV/TV BS/BV TbTh (mm)
West Indian Ocean: Madagascar, Sianaka Forest 0.0214 936x969x997 14.3 0.14 17.31 0.12
West Indian Ocean: Madagascar, Toliara, Taolagnaro, Eminiminy, Fort Dauphine 0.0256 798X946X997 14.5 0.24 17.49 0.11
West Indian Ocean: Madagascar, Toamasina, Vohibinany 0.0304 1999x1999x2336 17.8 0.27 17.03 0.12
Australia: Australia Queensland, Atherton Tableland 0.0505 576x839x725 31.9 0.41 8.14 0.25
Australia: Australia Queensland, Evelyn, Evelyn 0.0435 605x850x737 25.6 0.39 8.84 0.23
Australia: Australia Queensland, Evelyn, Evelyn 0.0604 692x517x755 29.0 0.38 9.22 0.22
Australia: Australia Queensland, Evelyn, Evelyn 0.0417 604x833x882 29.0 0.39 9.18 0.22
Australia: Australia Queensland, Atherton Tableland 0.0635 1980x1980x1080 37.0 0.40 8.56 0.23
Australia: Australia Queensland, Evelyn, Evelyn 0.0593 990x990x1000 26.5 0.41 10.88 0.18
North America: USA, Arizona, Prima Co., 3.5 miles of Tanque Verde 0.0173 627x614x604 4.7 0.24 32.41 0.06
North America: USA, Arizona, Prima Co., 3.5 miles of Tanque Verde 0.0200 669x636x997 4.2 0.25 42.38 0.05
North America: USA, Arizona, Cochise Co., 5 miles east of southeast of Portal 0.0186 447x394x697 4.8 0.13 52.50 0.04
North America: USA, Arizona, Cochise Co., 5 miles south of Portal  0.0185 485x506x589 5.1 0.15 32.42 0.06
North America: USA, Arizona, Cochise Co., 5 miles east of southeast of Portal 0.0185 728x420x610 4.1 0.14 49.52 0.04
West Indian Ocean: Madagascar, Toilara, Antananrivo, Ambohimanga, Ambatondradrama 0.0302 873x808x998 21.2 0.13 19.34 0.10
West Indian Ocean: Madagascar, Toilara, Antananrivo, Ambohimanga, Ambatondradrama 0.0321 874x767x998 20.3 0.14 17.16 0.12
West Indian Ocean: Madagascar, Toilara, Antananrivo, Ambohimanga, Ambatondradrama 0.0353 895x990x998 23.0 0.21 14.07 0.14
West Indian Ocean: Madagascar 0.0342 629x990x998 20.5 0.17 13.95 0.14
West Indian Ocean: Madagascar 0.0321 874x663x998 22.4 0.13 14.60 0.14
West Indian Ocean: Madagascar 0.0321 862x717x996 20.6 0.17 17.67 0.11
Africa: Cameroon 0.0936 990x990x1000 87.1 0.28 6.65 0.30
Africa: Cameroon 0.0936 1106x1074x1125 94.8 0.35 7.17 0.28
Africa: Cameroon 0.0852 990x990x1000 77.9 0.22 11.48 0.17
Africa: Cameroon 0.0936 990x990x1000 90.1 0.34 6.21 0.32
Africa: Cameroon 0.1176 1989x1989x1000 77.1 0.46 6.18 0.32
West Indian Ocean: Madagascar, Toilara, Antananrivo, Ambohimanga 0.0302 842x940x997 13.5 0.21 13.46 0.15
West Indian Ocean: Madagascar, Toilara, Antananrivo, Ambohimanga, Ambatondradrama 0.0302 1059x807x1257 14.0 0.34 16.42 0.12
West Indian Ocean: Madagascar, Toilara, Bei Eminiminy, Fort Dauphine 0.0302 670x960x998 13.9 0.22 17.22 0.12
West Indian Ocean: Madagascar, Toilara, Taolagnaro, Eminiminy 0.0302 716x834x998 13.6 0.16 20.62 0.10
West Indian Ocean: Madagascar, Toilara, Taolagnaro, Eminimin 0.0302 827x861x998 14.9 0.18 24.05 0.08
West Indian Ocean: Madagascar, Toilara, Antananrivo, Ambohimanga 0.0664 850x850x1209 13.0 0.24 11.02 0.18
Eurasia:China, Yunnan Prov., Ho-mu-shu 0.0518 1989x1989x1000 32.5 0.23 10.18 0.20
No data 0.0524 1989x1989x1000 29.1 0.14 12.25 0.16
Eurasia: Inidia, Assam., Changchang Pani 0.0496 1989x1989x1000 33.0 0.16 16.74 0.12
Eurasia: Inidia, Assam., Changchang Pani 0.0371 1019x1542x998 30.3 0.21 12.21 0.16
Eurasia: Inidia, Assam., Changchang Pani 0.0432 1989x1989x1000 29.6 0.18 13.00 0.15
Eurasia: Burma, Homalin, Nr. 0.0432 2051x2224x1598 32.4 0.25 10.24 0.20
Eurasia:Pakistan, Balochistan, Chaqai Div., West Pakistan: Balochistan; Chaqai Div., 8 mi. NW 0.0180 834x955x997 7.9 0.30 23.87 0.08
Eurasia:Pakistan, Balochistan, Chaqai Div., West Pakistan: Balochistan; Chaqai Div., 8 mi. NW 0.0167 861x990x999 7.4 0.45 20.04 0.10
Eurasia:Pakistan, Balochistan, Chaqai Div., West Pakistan: Balochistan; Chaqai Div., 8 mi. NW 0.0150 879x893x996 7.7 0.23 22.62 0.09
Eurasia:Pakistan, Balochistan, Chaqai Div, Balochistan; Chaqai Div., 8 mi. NW Nushhi, 6 mi NW K 0.0180 866x600x998 6.8 0.23 35.35 0.06
Eurasia:Pakistan, Balochistan, Chaqai Div, Balochistan; Chaqai Div., 8 mi. NW Nushhi, 6 mi NW K 0.0161 1980x19802603 7.2 0.20 33.58 0.06
West Indian Ocean: Madagascar, Toilara, Amboasary 0.0302 839x990x999 23.3 0.19 16.40 0.12
West Indian Ocean: Madagascar, Toilara, Amboasary 0.1020 295x378x1404 21.5 0.45 7.98 0.25
West Indian Ocean: Madagascar, Toilara, Amboasary;Taolagnaro, Eminiminy 0.0733 950x950x1119 13.8 0.34 14.24 0.14
West Indian Ocean: Madagascar, Toilara, Amboasary 0.0183 827x723x998 12.2 0.21 21.50 0.09
West Indian Ocean: Madagascar, Toilara, Amboasary 0.0183 900x740x998 11.6 0.18 21.50 0.09
West Indian Ocean: Madagascar, Toilara, Amboasary 0.0282 958x817x998 11.0 0.15 30.02 0.07
West Indian Ocean: Madagascar, Toilara, Amboasary 0.0278 962x759x998 10.7 0.23 20.08 0.09
West Indian Ocean: Madagascar, Toilara, Amboasary 0.0249 962x953x998 11.3 0.16 23.04 0.09
Australia: Australia, New South Wales 0.0674 854x885x897 56.1 0.29 9.65 0.21
Australia: Australia, Queensland, Ravenshoe, Atherton Tableland, S.W. of Ravenshoe 0.0511 841x727x996 45.0 0.24 9.24 0.22
Australia: Australia, New South Wales, Moseley's Ranch 0.0658 757x694x998 69.5 0.28 8.85 0.23
Australia: Australia, Queensland, Ravenshoe, Atherton Tableland,6 miles S.W. of Ravenshoe 0.0488 851x791x998 38.6 0.29 12.05 0.17
Australia: Queensland, Munduberra, Lochbar Station 0.0550 743x668x967 37.9 0.39 8.16 0.24
Australia: Australia, New South Wales 0.0712 898x793x944 52.9 0.30 9.72 0.21
Australia: Australia, New South Wales, Ebor Falls 0.1124 1849x1980x2624 68.8 0.47 4.74 0.42
Australia: Australia, Western Asutralia, Barrow Island 0.0428 820x858x997 36.6 0.18 17.63 0.11
West Indian Ocean: Madagascar, Toilara, Amboasary 0.0125 670x1104x1230 5.1 0.20 47.94 0.04
West Indian Ocean: Madagascar, Toilara, Amboasary 0.0195 823x803x997 4.9 0.16 41.43 0.05
West Indian Ocean: Madagascar, Toilara, Amboasary 0.0159 439x619x997 4.7 0.11 36.19 0.06
West Indian Ocean: Madagascar, Toilara, Amboasary 0.0205 662x721x992 5.1 0.09 39.03 0.05
West Indian Ocean: Madagascar, Toilara, Amboasary 0.0157 766x749x996 4.9 0.14 36.12 0.06
Africa:Kenya, Kilifi Dist., 1 1/2 mile S.E. Gedi 0.0213 746x1000x998 16.1 0.33 13.26 0.15
Africa: Mozambique, Manica and Sofala, Alvez de Lima Park 0.0213 754x868x998 16.1 0.28 21.97 0.09
Africa: Mozambique, Manica and Sofala, Alvez de Lima Camp 0.0251 1092x1363x1295 16.5 0.21 23.16 0.09
Africa: Mozambique, Inhambane, Zinave, Rio Save, 212km., SSW. Beira 0.0280 1000x1000x1000 16.5 0.24 21.49 0.09
Africa: Mozambique, Manica and Sofala, Alvez de Lima Camp 0.0234 708x1713x3068 19.6 0.26 20.16 0.10
Africa: Zaire, Haut Zaire, Faradje 0.0836 990x632x999 67.7 0.31 9.36 0.21
Africa: Zaire, Haut Zaire, N'Gayu 0.0878 824x662x997 65.6 0.24 8.10 0.25
Cameroon, Metet 0.0836 922x673x997 62.7 0.28 9.41 0.21
Cameroon 0.0784 990x990x1000 63.0 0.19 14.39 0.14
Africa: Guinea, N'sork 0.0822 988x1251x1385 61.6 0.27 10.42 0.19
Kenya: Garissa Dist. 0.0721 854x845x997 47.3 0.39 7.58 0.26
Zaire: Haut Zaire: Akenge 0.0647 855x730x997 44.0 0.27 13.19 0.15
Africa: Zaire, Haut Zaire, Akenge 0.0783 1088x1081x1171 52.4 0.32 7.30 0.27
Kenya 0.0696 906x686x997 45.1 0.33 7.73 0.26
Kenya 0.0583 1377x1012x1245 48.4 0.39 7.56 0.26
Zaire: Haut Zaire: Akenge; Bafuka 0.0701 1295x1388x1166 48.3 0.03 10.56 0.19
Kenya 0.0583 826x1065x1022 40.1 0.35 7.97 0.25
Africa: Mozambique, Inhambane, Zinave, Rio Save, 212km., SSW. Beira 0.0701 726x667x891 43.4 0.29 9.17 0.22
Africa: Angola Benguela, Hanha 0.0696 948x879x998 51.6 0.38 7.77 0.26
Africa:Zimbabwe, Manguyama 0.0294 666x990x999 22.4 0.40 6.98 0.29
Africa:Zimbabwe, Manguyama 0.0260 990x786x999 22.4 0.30 11.88 0.17
Africa:South Africa, Orange Free State,, Kroonstad 0.0260 1602x1406x1444 21.5 0.33 8.41 0.24
Africa: South Africa 0.0260 990x990x1000 23.0 0.20 19.05 0.10
Africa: Mozambique, Inhambane, Zinave, Rio Save, 212km., SSW. Beira 0.0331 942x990x998 21.7 0.29 12.24 0.16
Africa: Mozambique, Inhambane, Zinave, Rio Save, 212km., SSW. Beira 0.0260 691x990x999 23.3 0.42 10.33 0.19
Africa: Mozambique, Inhambane, Zinave, Rio Save, 212km., SSW. Beira 0.0477 712x786x2568 22.7 0.28 12.92 0.15
Australia: Australia, Queensland, Munduberra, Lochaber Station 0.0441 481x522x721 22.5 0.29 14.54 0.14
Australia: Australia, Queensland, Munduberra, Lochaber Station 0.0541 562x508x620 29.4 0.32 13.23 0.15
Australia: Australia, Queensland, Munduberra, Lochaber Station 0.0477 1970x1970x2744 28.8 0.26 15.38 0.13
Australia: Australia, Queensland, Munduberra, Lochaber Station 0.0413 686x684x996 32.7 0.30 15.15 0.13
Australia: Australia, Western Australia, Barrow Island 0.0519 666x515x838 25.8 0.26 10.25 0.20


































































































Australia: Queensland, Munduberra, Lochbar Station 0.0640 750x901x695 28.2 0.12 13.78 0.15
Australia: Queensland, Munduberra, Lochbar Station 0.0752 1999x1999x1928 36.9 0.25 10.39 0.19
Australia: Queensland, Munduberra, Pentland 0.0527 990x990x1000 30.1 0.18 13.70 0.15
Eurasia: Malaysia, Sabah, Sandakan 0.0882 806x815x995 66.3 0.33 6.40 0.31
No data 0.0861 960x852x998 80.8 0.23 8.73 0.23
Eurasia: Indonesia,Borneo 0.0622 733x906x999 58.0 0.18 9.57 0.21
Eurasia:Indonesia, Borneo 0.0775 630x772x886 64.6 0.26 9.66 0.21
Unavailable 0.0861 765x811x954 78.2 0.32 7.09 0.28
Zoo specimen; No data 0.0644 966x1302x1267 53.9 0.25 9.35 0.21
Australia: Australia, Tasmania, Moonah, Hobart 0.0244 609x702x769 16.3 0.23 8.66 0.23
Australia: Australia, Tasmania, Moonah, Hobart 0.0306 529x667x829 17.9 0.21 11.30 0.18
Australia: Australia, Tasmania, Moonah, Hobart 0.0306 595x743x784 16.5 0.39 7.40 0.27
Australia: Australia, Tasmania, Moonah, Hobart 0.0299 597x836x713 19.8 0.41 8.03 0.25
Australia: Australia, Tasmania, Moonah, Hobart 0.0323 575x644x736 17.8 0.19 11.75 0.17
West Indian Ocean:Madagascar, Toilera, Amboasary 0.0308 736x1000x999 21.4 0.17 14.07 0.14
West Indian Ocean: Madagascar, Toilara, Amboasary 0.0304 972x920x998 22.1 0.21 8.80 0.23
West Indian Ocean: Madagascar, Toilara, Amboasary, Bevala 0.0326 695x1000x999 23.9 0.15 13.65 0.15
West Indian Ocean: Madagascar, Toamasina, Toamasina Rural, Fito. East of Lac Alaotra 0.1106 850x850x1701 21.7 0.24 7.89 0.25
Malaysia: Sabah; East Coast Residency, Sandakan Dist, Sapagaya Forest Reserve 0.0185 526x1180x273 3.8 0.30 32.34 0.06
0.0185 619x1245x240 4.7 0.26 21.10 0.09
0.0185 505x1161x205 4.2 0.22 32.68 0.06
North America:USA, New York, Rockland Co., Haverstraw 0.0182 799x737x998 7.2 0.18 36.32 0.06
North America:USA, New York, Rockland Co., Haverstraw 0.0182 790x648x998 8.7 0.19 32.61 0.06
North America:USA, New York, Rockland Co., Haverstraw 0.0182 782x990x999 7.7 0.13 20.35 0.10
North America: USA, New York, Suffolk Co., Fishers Island, GC-East End 0.0182 873x990x999 8.6 0.06 33.93 0.06
North America:USA, New York, Rockland Co., Haverstraw 0.0182 822x645x998 7.3 0.17 29.81 0.07
North America:USA, New York, Rockland Co., Haverstraw 0.0189 724x750x3536 6.4 0.13 36.36 0.06
Australia: Western Australia, Rottnest Island 0.0324 735x601x874 22.8 0.21 14.67 0.14
Australia: Western Australia, Rottnest Island 0.0707 601x375x670 24.7 0.33 8.19 0.24
Australia: Western Australia, Rottnest Island 0.0348 841x619x996 21.2 0.27 13.16 0.16
Australia: Western Australia, Rottnest Island 0.0348 600x759x998 22.8 0.17 13.35 0.15
Australia: Western Australia, Rottnest Island 0.0315 643x841x924 21.8 0.18 16.34 0.12
see collection notes: fossil, AMNH 0.0981 1989x1989x2368 80.6 0.30 8.64 0.23
Zoo specimen; No Data 0.0142 585x636x2432 7.6 0.20 28.15 0.07
Zoo specimen; No Data 0.0171 927x957x892 7.2 0.15 21.47 0.09
Australia: Australia, New South Wales, Glen Ferneigh. Juvenile specimen. 0.0392 723x817x904 23.7 0.17 19.98 0.10
Asutralia:Australia, Queensland, Ravenshoe, 9 mi. S.S.E 0.0320 853x759x929 21.7 0.24 18.45 0.11
Australia: Australia, Tasmania, Glen Huon, Arve R., Huon 0.0437 607x722x879 29.2 0.21 15.53 0.13
Australia: Tasmania, Glen Huon, Arve R., Huon 0.1155 990x990x1776 38.7 0.34 7.23 0.28
No data 0.0356 617x803x935 28.8 0.14 16.08 0.12
Eurasia:Thailand, Trang 0.0130 745x796x780 7.2 0.20 26.81 0.07
No data 0.0166 1000x789x999 6.2 0.23 31.32 0.06
No data 0.0179 722x706x996 7.4 0.12 37.84 0.05
No data 0.0141 961x1000x998 5.8 0.18 32.68 0.06
Eurasia: Indonesia, Sumatra, Boekit Sanggoel, Benkoelen 0.0190 710x864x993 7.5 0.21 30.03 0.07
Eurasia: Indonesia, Sumatra, Boekit Sanggoel, Benkoelen 0.0169 964x945x996 7.5 0.25 20.96 0.10
Australia: Australia,Tasmania, Huon, Arve River 0.0992 1989x1989x1000 43.3 0.29 8.79 0.23
Australia: Australia,Tasmania, Huon, Ruby Creek 0.0726 728x509x698 48.3 0.27 10.76 0.19
Australia: Australia,Tasmania, Huon, Ruby Creek 0.0588 808x943x938 48.5 0.29 9.88 0.20
Australia: Australia,Tasmania, Huon, Ruby Creek 0.0588 893x1000x888 46.6 0.23 13.43 0.15
0.0938 990x990x1000 87.9 0.22 9.19 0.22
0.0955 990x990x1000 92.4 0.27 7.84 0.26
0.0929 990x990x1000 74.3 0.22 9.50 0.21
0.0931 990x990x1000 79.5 0.37 7.13 0.28
0.0929 990x990x1000 72.3 0.18 12.91 0.15
0.0929 990x933x999 84.7 0.33 8.59 0.23
0.0886 990x990x1000 73.7 0.16 9.91 0.20
Zoo specimen; No Data 0.0142 766x954x996 7.2 0.30 20.97 0.01
Africa: Zaire, Haut Zaire, Akenge 0.0371 1000x1000x1000 23.9 0.16 10.41 0.19
Africa: Zaire, Haut Zaire, Medje 0.0377 1000x1000x1000 25.9 0.13 14.34 0.14
Africa: Zaire, Haut Zaire, Niapu 0.0391 1000x1000x1000 27.0 0.16 12.46 0.16
Africa: Zaire, Haut Zaire, Niapu 0.0371 1000x1000x1000 23.6 0.13 12.28 0.16
Africa: Zaire; S.W. Slope Mikeno 0.0380 1000x1000x1000 23.7 0.19 11.45 0.17
Africa: Zaire; S.W. Slope Mikeno 0.0484 1959x1959x2807 21.3 0.18 9.57 0.21
South America: Brazil, Goias, Anapolis 0.0328 1000x1000x1000 19.0 0.14 13.55 0.15
South America: Brazil, Goias, Anapolis 0.0328 1000x1000x1000 18.3 0.12 12.76 0.16
South America: Brazil, Goias, Anapolis 0.0342 1000x1000x1000 19.8 0.17 14.01 0.14
South America: Brazil, Goias, Anapolis 0.0328 1000x1000x1001 20.2 0.13 14.32 0.14
South America: Brazil, Goias, Anapolis 0.0328 1000x1000x1000 18.9 0.13 17.95 0.11
South America: Peru Loreto, Requenca, Yanayaquillo, Samiria River 0.0395 1960x1960x2832 20.1 0.17 13.32 0.15









































































TbN (1/mm) TbSp (mm) MIL (DA) MIL (tDA) Relative Resolution
1.19 0.72 0.77 4.27 5.60237167067392
2.07 0.37 0.73 3.75 4.29658967959159
2.30 0.32 0.57 2.31 3.85081229100292
1.65 0.36 0.75 4.04 4.85513852007451
1.73 0.35 0.73 3.67 5.18979493420902
1.77 0.35 0.73 3.70 3.5916055190234
1.79 0.34 0.76 4.15 5.22420696765531
1.70 0.35 0.67 3.06 3.66958028191196
2.22 0.27 0.71 3.44 3.10010963987518
3.90 0.19 0.67 2.99 3.47149899326529
5.20 0.15 0.71 3.45 2.34533278775237
3.32 0.26 0.68 3.08 2.1488855342398
2.46 0.34 0.86 6.88 3.24895085961825
3.41 0.25 0.75 4.01 2.1612742873198
1.21 0.72 0.41 1.70 3.4233762965955
1.24 0.69 0.45 1.81 3.61201930562043
1.50 0.52 0.73 3.70 4.02926248334137
1.17 0.71 0.68 3.13 4.1879964953271
0.95 0.91 0.70 3.38 4.26363777812354
1.54 0.53 0.58 2.37 3.51860501323369
0.94 0.77 0.47 1.88 3.20410124959949
1.25 0.52 0.63 2.71 2.97874612837766
1.27 0.61 0.60 2.50 2.04509221540015
1.04 0.64 0.54 2.18 3.43693260707038
1.42 0.38 0.56 2.29 2.75167728165577
1.41 0.56 0.83 5.86 4.9662131962217
2.76 0.24 0.56 2.82 3.97297055697736
1.88 0.42 0.52 2.07 3.97297055697736
1.60 0.53 0.49 1.97 3.20817372475922
2.15 0.38 0.54 2.15 2.751291219706
1.31 0.58 0.39 1.65 2.73320375476503
1.18 0.65 0.66 2.93 3.78943712251317
0.85 1.02 0.58 2.38 3.11504492302997
1.31 0.64 0.65 2.88 2.40675438773248
1.29 0.61 0.65 2.83 4.41771400830681
1.20 0.68 0.61 2.55 3.55956210799176
1.26 0.60 0.66 2.95 4.51778646978499
3.61 0.19 0.62 2.63 4.64659685863874
4.49 0.12 0.76 4.15 5.98436150820301
2.60 0.30 0.66 2.90 5.89596686519979
4.03 0.02 0.50 2.01 3.10410961941399
3.40 0.23 0.53 2.13 3.67075219311889
1.58 0.51 0.59 2.46 4.03587592412951
1.77 0.31 0.59 2.45 2.45134088346325
2.44 0.27 0.51 2.06 1.91614805109728
2.22 0.36 0.44 1.80 4.92317117866188
1.96 0.42 0.57 2.32 4.92317117866188
2.32 0.37 0.63 2.70 2.48152152719925
2.32 0.33 0.56 2.28 3.23803904355522
1.78 0.47 0.77 4.25 3.61287629110149
1.38 0.52 0.64 2.78 3.07498331231922
1.11 0.69 0.60 2.52 4.23441933274631
1.23 0.58 0.62 2.64 3.43187894992708
1.73 0.41 0.76 4.15 3.39982796051284
1.61 0.38 0.82 5.52 4.45157831609937
1.46 0.48 0.57 2.32 2.89082760849103
1.11 0.48 0.76 4.15 3.75374707572429
1.57 0.52 0.69 3.20 2.6517011574886
4.76 0.17 0.57 2.30 3.46660503813266
3.32 0.25 0.75 3.92 2.47348193697156
1.96 0.45 0.55 2.24 3.46513832304882
1.72 0.53 0.72 3.63 2.50190574851938
2.55 0.34 0.76 4.20 3.5082571616286
2.18 0.31 0.65 2.86 7.09294452855383
3.10 0.23 0.65 2.83 4.27860790084914
2.46 0.32 0.64 2.74 3.42340334060475
2.59 0.29 0.65 2.84 3.3233869959083
2.58 0.29 0.58 2.36 4.22553245977208
1.47 0.47 0.72 3.61 2.556737418938
0.98 0.77 0.49 1.96 2.81131645771416
1.34 0.53 0.60 2.53 2.54361195529924
1.37 0.59 0.44 1.79 1.77208798214855
1.42 0.51 0.47 1.90 2.33318743312907
1.46 0.42 0.84 6.42 3.64629547471162
1.76 0.42 0.63 2.70 2.3321904055849
1.17 0.58 0.57 2.30 3.44748333716387
1.27 0.53 0.74 3.83 3.73488091475853
1.47 0.41 0.70 3.33 4.53742301820116
1.48 0.49 0.70 3.37 2.70310002283626
1.40 0.46 0.63 2.67 4.30559415367197
1.33 0.53 0.58 2.39 3.11028677414752
1.48 0.42 0.72 3.54 3.69178613497285
1.38 0.44 0.77 4.31 9.74896251445677
1.79 0.39 0.81 5.18 6.47164443077396
1.38 0.49 0.77 4.39 9.13887500480603
1.93 0.41 0.54 2.18 4.0357568533969
1.80 0.39 0.80 5.02 4.93074625064124
2.18 0.27 0.78 4.62 7.44357722326887
1.79 0.41 0.76 4.24 3.24766600230777
2.14 0.33 0.80 5.07 3.11727765308667
2.11 0.32 0.68 3.12 2.7944222518124
1.99 0.37 0.85 6.66 2.72948360156955
2.26 0.31 0.78 4.55 3.189997097804
1.35 0.54 0.69 3.24 3.75698055074138


































































































0.80 1.10 0.70 3.32 2.26763248784909
1.28 0.59 0.60 2.47 2.55759235380914
1.25 0.65 0.69 3.27 2.77057829907571
1.06 0.62 0.76 4.15 3.54239190828788
0.98 0.79 0.69 3.19 2.65954358051217
0.86 0.95 0.68 3.08 3.35518704203625
1.24 0.60 0.71 3.40 2.65899087424006
1.32 0.60 0.76 4.08 3.27503629289821
1.15 0.65 0.61 2.54 3.32359613412474
0.98 0.79 0.75 3.93 9.4504954549177
1.19 0.67 0.68 3.15 5.78431564711186
1.45 0.42 0.81 5.21 8.82351019554806
1.63 0.36 0.71 3.46 8.3204127459367
1.09 0.74 0.70 3.30 5.27066410367706
1.17 0.71 0.46 1.85 4.61074716168115
0.93 0.85 0.56 2.26 7.47807638838559
1.04 0.82 0.51 2.05 4.49814240535478
0.93 0.82 0.52 2.09 2.29134449297774
4.86 0.14 0.86 7.09 3.34054054054054
2.74 0.27 0.85 6.78 5.12432432432432
3.61 0.22 0.86 7.08 3.30810810810811
3.22 0.26 0.51 2.03 3.02447071762442
3.18 0.25 0.68 3.16 3.38190816607094
1.29 0.68 0.66 2.97 5.38905691503987
1.09 0.86 0.55 2.22 3.23893318669233
2.53 0.32 0.50 2.00 3.68435523783338
2.38 0.37 0.61 2.59 2.91143930972421
1.51 0.53 0.72 3.56 4.21109532340767
1.35 0.50 0.70 3.28 3.4530582208259
1.76 0.42 0.60 2.47 4.53226038223883
1.12 0.74 0.70 3.32 4.30521626670499
1.51 0.54 0.78 4.56 3.8785134162314
1.28 0.55 0.70 3.29 2.35834921670353
2.84 0.28 0.70 3.35 4.99258665879658
1.59 0.54 0.53 2.13 5.43904179289532
1.69 0.49 0.76 4.15 2.54848492571166
2.20 0.35 0.80 5.51 3.38334321465348
1.63 0.48 0.70 3.29 2.94727447480434
1.23 0.53 0.81 5.16 2.38894851642835
1.17 0.73 0.82 5.67 3.49026429493294
2.73 0.29 0.62 2.61 5.71652189926644
3.56 0.22 0.77 4.24 3.84620021943838
2.42 0.36 0.78 4.53 2.7880781777121
2.87 0.29 0.78 4.58 4.32009729057073
3.09 0.26 0.68 3.16 3.50564593503221
2.66 0.28 0.78 4.59 5.62253274385516
1.29 0.55 0.83 5.90 2.29293071821645
1.48 0.49 0.76 4.15 2.55891142971257
1.42 0.50 0.74 3.87 3.44206139977889
1.57 0.49 0.73 3.69 2.53252827621396
1.02 0.77 0.42 1.73 2.32067285654895
1.06 0.69 0.30 1.43 2.67170617304632
1.05 0.74 0.64 2.79 2.26697539173981
1.33 0.47 0.44 1.79 3.014440433213
1.18 0.69 0.54 2.18 1.66711539497065
1.43 0.47 0.41 1.70 2.50713478003339
0.78 1.07 0.47 1.87 2.27768053751906
3.12 0.23 0.76 4.20 0.671448299185526
0.82 1.03 0.73 3.69 5.17450694706514
0.96 0.90 0.76 4.23 3.69491480509844
1.01 0.83 0.83 5.83 4.10641291279769
0.79 1.11 0.76 4.11 4.38821247710376
1.11 0.73 0.81 5.24 4.60151247661458
0.84 0.98 0.81 5.30 4.31507528347481
0.95 0.90 0.60 2.52 4.50682296913637
0.77 1.14 0.58 2.39 4.78343560155081
1.18 0.71 0.56 2.29 4.16946480189203
0.94 0.92 0.69 3.25 4.26308880544616
1.15 0.76 0.73 3.66 3.40150196904478
1.16 0.71 0.54 2.17 3.79937298681886
AMNH= American Museum of Natural History  
MCZ= Museum of Comparative Zoology at Harvard University   
FMNH= Field Museum of Natural History  
YPM: The Peabody Museum of Natural History at Yale University
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